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The purpose of this program is to develop the basis for cintinuing research of
interest to the Air Force at the institution of the faculty member; to stiumlate ¢
contlnulng relations among faculty members and professional peers in the Air Force
to enhance the research interests and capabilities of scientific and engineering
educators; and to provide follow-on funding for research of particular promise tha

was started at an Air Force laboratory under the Summer Faculty Research Program.
During the summer of 1992 185 university faculty conducted research at Air Force

laboratories for a period of 10 weeks. Each participant provided a report of thei
research, and these reports are consolidated into this annual report.
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PREFACE

The United States Air Force Summer Faculty Resarch Program (USAF-SFRP) is
designed to introduce university, college, and technical institute faculty members to Air
Force research. This is accomplished by the faculty members being selected on a
nationally advertised competitive basis for a ten-week assignment during the summer
intersession period to perform research at Air Force laboratories/centers. Each assignment
is in a subject area and at an Air Force facility mutually agreed upon by the faculty
members and the Air Force. In addition to compensation, travel and cost of living
allowances are also paid. The USAF-SFRP is sponsored by the Air Force Office of
Scientific Research, Air Force Systems Command, United States Air Force, and is
conducted by Universal Energy Systems, Inc.

The specific objectives of the 1989 USAF-SFRP are:

1) To provide a productive means for U.S. faculty members to participate in
research at Air Force Laboratories/Centers;

(2) To stimulate continuing professional association among the faculty and their
professional peers in the Air Force;

3) To further the research objectives of the United States Air Force;
4) To enhance the research productivity and capabilities of the faculty especially
as these relate to Air Force technical interests.
During the summer of 1989, 168-faculty members participated. These researchers
were assigned to 23 USAF laboratories/centers across the country. This four volume
document is a compilatipn of the final reports written by the assigned faculty members

about their summer research efforts.




NAME/ADDRESS

Thomas Abraham
Instructor

Saint Paul’s College

Sci. & Math. Dept.
Lawrenceville, VA 23868
804\848-3111

Charles Alajajian
Assistant Prof.

West Virginia University
PO Box 6101
Morgantown, WV 26506
304\293-6371

Barbara Alvin
Associate Prof.

Eastern Washington Univ.

Math Dept. #32
Cheney, WA 99004
509\359-2203

Jon Anderson
Assistant Prof.

Texas Tech. University
PO Box 4200

Lubbock, TX 79409
806\742-3538

Peter Armendarez
Professor

Brescia College

7th at Frederica
Owensboro, KY 42301
502\ 686-4285

Pradip Bakshi

Professor

Boston College

Physics Dept.

Chestnut Hill, MA 02167
617\552-3585
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MS
Mathematics
School of Aerospace Medicine

PhD
Electrical Eng.
Rome Air Development Center

PhD

Biostatistics

Occupational & Environmental
Health Laboratory

PhD
Civil Engineering
Engineering & Services Center

PhD
Physical Chemistry
Armament Laboratory

PhD
Theoretical Physics
Geophysics Laboratory




NAME/ADDRESS

William Bannister
Professor

Lowell, University of
Dept. of Chemistry
Lowell, MA 01854
508\452-5000

Beryl Barber

Assistant Prof.

Oregon Institute of Tech.
3201 Campus Dr.

Klamath Falls, OR 97601

503\882-3899

Brian Beecken
Assistant Prof.
Bethel College

3900 Bethel Dr.

St. Paul, MN 55112
612\638-6334

Christopher Bell
Assistant Prof.
Illinois State Univ.
133 Stevenson
Normal, IL 61761
309\438-8338

Kevin Bennett
Assistant Prof.

Wright State University
309 Oelman Hall
Dayton, OH 45435
513\873-2444

Emerson Besch
Professor

Florida, University of
Box J-144 JHMHSC
Gainesville, FL. 32610
904\392-1841
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Degree:
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PhD
Organic Chemistry
Engineering & Services Center

MS
Electronic Engineering
Electronic Systems Division

PhD

Physics

Arnold Engineering Development
Center

PhD

Psychology

Human Resources Laboratory:
Manpower & Personnel Div.

PhD

Applied Psychology

Human Resources Laboratory:
Logistics & Human Factors

PhD
Animal Physiology
Engineering & Services Center




NAME/ADDRESS

Robert Blystone
Professor

Trinity University

715 Stadium Dr.

San Antonio, TX 78284
512\736-7231

Karren Brito
Research Chem.
Dayton, University of
300 College Park
Dayton, OH 45469
513\229-3118

Lee Britt

Instructor

Grambling State University
Dept. of Physics
Grambling, LA 71245
318\274-2575

Joseph Brown

Professor

Mississippi State Univ.

PO Brawer ME

Mississippi State, MS 39762
601\325-7310

Roger Bunting
Professor

Illinois State University
Dept. of Chemistry
Normal, II. 61761
309\438-7661

Larry Byrd

Assistant Prof.

Arkansas State University
PO Box 1080

State University, AR 72467
501\972-2088

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
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Assigned: ed
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Degree:
Specialty:
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Sp_gmaltz
Assigned:
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PhD
Zoology
School of Aerospace Medicine

PhD
Chemistry
Materials Laboratory

MS

Physics

Arnold Engineering Development
Center

PhD
Mechanical Engineering
Armament Laboratory

PhD
Inorganic Chemistry
Armament Laboratory

PhD
Mechanical Engineering
Flight Dynamics Laboratory




NAME/ADDRESS

Anthony Carlisle
Assistant Prof.
Huntingdon College
1500 E. Fairview Ave.
Montgomery, AL 36194
205\265-0511

Carolyn Caudle-Alexander
Assistant Prof.

Tennessee State University
3500 John A. Merritt Blvd.
Nashville, TN 37209
615\320-3115

James Chambers

Associate Prof.

Texas-San Antonio, Univ.

Brain Research Lab. of
Biochemistry

San Antonio, TX 78285

512\691-5477

Satish Chandra

Assistant Prof.

Kansas State Univ.

Dept. of Elec. and Comp. Eng.
Manhattan, KS 66506
913\532-5600

Chi Chen

Professor

Southeastern Mass. Univ.
Dept. of Elect. & Comp. Eng.
North Dartmouth, MA 02747
508\999-8475

David Choate

Assistant Prof.
Transylvania University
Dept. of Mathematics
Lexington, KY 40508
606\233-8237

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: MS
Specialty:  Computer Science
Assigned: = Engineering & Services Center

Degree: PhD
Specialty: = Microbiology
Assigned:  School of Aerospace Medicine

Degree: PhD
Specialty:  Biochemistry
Assigned:  School of Aerospace Medicine

Degree: PhD
Specialty:  Electrical Engineering
Assigned: =~ Armament Laboratory

Degree: PhD
Specialty;:  Electrical Engineering
Assigned: Geophysics Laboratory

Degree: PhD
Specialty: Mathematics
Assigned: Avionics Laboratory




NAME/ADDRESS

Ajit Choudhury
Associate Prof.

Howard University
Dept. of Electrical Eng.
Washington, DC 20059
202\636-6593

Derald Chriss

Assistant Prof.

Southern University

PO Box 10572

Baton Rouge, LA 70813
504\771-3990

Donald Chung
Associate Prof.

San Jose State Univ.
Dept. of Mat. Eng.
San Jose, CA 95192
408\924-3873

Mingking Chyu

Assistant Prof.

Carnegie Mellon University
Dept. of Mechanical Eng.
Pittsburgh, PA 15213
412\268-3658

David Cicci

Assistant Prof.

Auburn University

162 Wilmore Laboratories
Auburn, AL 36849
205\826-4874

Brian Circelli
Assistant Prof.
Mississippi, Univ. of
Dept. of Chemical Eng.
University, MS 38677
601\232-5347

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD
Specialty:  Electrical Engineering
Assigned:  Electronic Systems Division

Degree: MS
Specialty:  Chemistry
Assigned: Engineering & Services Center

: PhD
Specialty:  Material Science
Assigned: Materials Laboratory

: PhD
Specialty:  Mechanical Engineering
Assigned: Aero Propulsion Laboratory

gree: PhD
Specialty:  Aerospace Engineering
Assigned: =~ Armament Laboratory

: PhD
Specialty: Chemical Engineering
Assigned: Arnold Engineering Development Ctr.




NAME/ADDRESS

Jerry Clark
Assistant Prof.
Wright State Univ.
Dept. of Physics
Dayton, OH 45435
513\873-2954

Stephen Cobb

Assistant Prof.

Murray State University
Dept. of Physics
Murray, KY 42071
502\762-6186

Kathryn Cochran

Assistant Prof.

Northern Colorado, University
Div. of Res., Eval., & Devel.
Greeley, CO 80639
303\351-2807

R. H. Cofer

Professor

Florida Institute

150 W. University Blvd.
Melbourne, FL. 32901
407\984-5689

George Coleman

Instructor

Elizabeth City St. University
Dept. of Mathematics
Elizabeth City, NC 27909
919\335-3487

Kenneth Cornelius
Assistant Prof.

Wright State Univ.
Dept. of Mechanical Eng.
Dayton, OH 45435
513\873-3682

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigmed:

Degree:

PhD
Physics
Aero Propulsion Laboratory

PhD
Physics
Arnold Engineering Development Ctr.

PhD

Educational Psychology

Human Resources Laboratory:
Manpower & Personnel Division

PhD
Electrical Eng.
Avionics Laboratory

MS

Specialty: Applied Mathematics

Assigned:

Degree:
Specialty:
Assigned:

Armament Laboratory

PhD
Fluid Mechanics
Flight Dynamics Laboratory




NAME/ADDRESS

Mark Cornwall
Assistant Prof.
Northern Arizona Univ.
POB 15105

Flagstaff, AZ 86011
602\523-1606

Larry Crum

Professor

Wright State University
Dept. of Comp. Sci. & Eng.
Dayton, OH 45435
513\259-1342

Kenneth Currie
Assistant Prof.

Kansas State Univ.
228 Durland Hall
Manhattan, KS 66506
913\532-5606

Phanindramohan Das
Professor

Texas A&M University
Dept. of Meteorology
College Station, TX 77843
409\845-0633

Vito DelVecchio
Chairman

Scranton, University of
Biology Dept.

Scranton, PA 18510
717\961-6117

Avery Demond

Assistant Prof.
Massachusetts, University of
Dept. of Civil Eng.

Ambherst, MA 01003
413\545-0685

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:

Assigned: ed

egree.
Specialty:
Assigned:

Specialty:
Assigned:

Specialty:
Assigned: ed

Specialty:
Assigned:

Specialty:
Assigned:

PhD
Human Performance
School of Aerospace Medicine

PhD
Electrical Engineering
Avionics Laboratory

PhD
Industrial Engineering
Materials Laboratory

PhD
Geophysical Science
Geophysics Laboratory

PhD
Biochemical Engineering
School of Aerospace Medicine

PhD
Civil Engineering
Engineering & Services Center




NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY ASSIGNED

Walter Drost-Hansen Degree: PhD
Professor Specialty:  Physical Chemical
Miami, University of Assigned: = Wilford Hall Medical Center

Dept. of Chemistry
Coral Gables, FL, 33124

305\284-5842

Thomas Dwyer Degree: PhD

Professor Specialty: = Mathematics
Illinois, University of Assigned; = Weapons Laboratory

104 South Mathews Ave.
Urbana, IL 61801

217\244-0720

Wayne Eckerle Degree: PhD

Associate Prof. Specialty:  Fluid Mechanics

Clarkson University Assigned:  Aero Propulsion Laboratory
MIE Dept.

Clarkson University, NY 13676
315\268-2203

Dennis Farrell Degree: MS
Associate Prof. Specialty:  Electrical Engineering
Cincinnati, University of Assigned: ed Flight Dynamics Laboratory

Mail Location 103
Cincinnati, OH 45210

513\556-6558

William Filippone Degree: PhD

Associate Prof. Specialty:  Nuclear Engineering
Arizona, University of Assigned: Weapons Laboratory

Group X6, MS B226
Los Alamos, NM 87545
505\665-2307

John Francis Degree: PhD
Professor Specialty: = Mechanical Engineering
Oklahoma, University of Assigned:  Arnold Engineering Development Ctr.

865 Asp, Room 210
Norman, OK 73019
405\325-5011




NAME/ADDRESS

Frank Gerner

Assistant Prof.

Cincinnati, University of

756 Baldwin Hall Mail Loc. #72
Cincinnati, OH 45221
513\566-2646

Robert Granger

Professor

US Naval Academy

Dept. of Mechanical Engineering
Annapolis, MD 21402
301\267-3186

William Grissom
Assistant Prof.
Morehouse College
830 Westview Dr. SW
Atlanta, GA 30314
404\681-2800

Ian Grosse

Assistant Prof.
Massachusetts, University of
ELAB 213

Ambherst, MA 01003
413\545-1350

John Hadjilogiou
Professor

Florida Instit.Tech.

150 West University Blvd.
Melbourne, FL. 32901
407\768-8000

Ernest Hallford
Assistant Prof.
Moorhead State Univ.
Dept. of Psychology
Moorhead, MN 56560
218\236-4077

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD
Specialty;  Mechanical Engineering
Assigned:  Aero Propulsion Laboratory

Degree: PhD
Specialty:  Mechanical Engineering
Assigned: Frank J. Seiler Research Lab.

Degree: MS
Specialty: = Mechanical Eng.
Assigned: =~ Weapons Laboratory

Degree: PhD
Specialty:  Mechanical Eng.
Assigned:  Rome Air Development Center

Degree: PhD
Specialty:  Electrical Eng.
Assigned: Rome Air Development Center

Degree: PhD
Specialty:  Psychology

Assigned:  Aerospace Medical Research Lab.




NAME/ADDRESS

Orlando Hankins

Assistant Prof.

North Carolina State Univ.
NCSU Box 7909

Raleigh, NC 27695
919\737-3292

Patrick Hannon
Associate Prof.

Northern Arizona University

Box 6012
Flagstaff, AZ 86011
602\523-4331

Cynthia Hardy
Associate Prof.
Jackson State Univ.
1400 Lynch St.
Jackson, MS 39217
601\968-2371

Kirk Hatfield
Assistant Prof.
Florida, University of
346 Weil Hall
Gainesville, FL. 32611
904\392-0956

Kim Hayes

Assistant Prof.

Michigan, University of
Dept. of Civil Engineering
Ann Arbor, MI 48109
313\763-9661

Henry Helmken

Professor

Florida Atlantic University
PO Box 3091

Boca Raton, FL. 33431
407\367-3452

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Deg;ee

Specialty:
Assigned:

Degree.
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

PhD

Nuclear Eng.

Arnold Engineering Development
Center

PhD
Exercise Science
School of Aerospace Medicine

PhD
Education Psychology
School of Aerospace Medicine

PhD
Civil Engineering
Engineering & Services Center

PhD
Environmental Eng.
Engineering & Services Center

PhD
Physics
Rome Air Development Center




NAME/ADDRESS

Peter Henriksen
Associate Prof.
Akron, University
Dept. of Physics
Akron, OH 44325
216\375-6054

Lloyd Hillman
Assistant Prof.
Cornell University
215 Phillips Hall
Ithaca, NY 14853
607\255-8212

Jeffrey Himm

Asgistant Prof.

North Dakota State University
Dept. of Physics

Fargo, ND 58105
701\237-7048

Stuart Hirshfield

Associate Prof.

Hamilton College

Dept. of Math. & Comp. Sci.
Clinton, NY 13323
315\859-4136

Harry Hogan

Assistant Prof.

Texas A&M University
Eng./Physics Bldg.

College Station, TX 77843
409\845-1538

Gwendolyn Howze
Associate Prof.

Texas Southern Univ.
3100 Cleburne
Houston, TX 77004
713\527-7095

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD

Specialty:  Physics
Assigned:  Materials Laboratory

Degree: PhD
Specialty:  Optical Engineering
Assigned: Frank J. Seiler Research Lab.

Degree: PhD

Specialty:  Physics
Assigned:  School of Aerospace Medicine

Degree: PhD
Specialty: ~ Computer Science
Assigned: = Rome Air Development Center

Degree: PhD
Specialty:  Mechanical Eng.

Assigned: = Weapons Laboratory

Degree: PhD
Specialty:  Molecular Biology
Assigned:  School of Aerospace Medicine




NAME/ADDRESS

Carl Ingling

Associate Prof.

Ohio State Univ.

1314 Kinnear Rd.
Columbus, OH 43212
614\292-6424

Alan Kafka
Associate Prof.
Boston College
Weston Observatory
Weston, MA 02193
617\899-0950

Mohammad Karim
Associate Prof.
Dayton, University of
300 College Park
Dayton, OH 45469
513\229-3611

John Kenney

Assistant Prof.

Eastern New Mexico University
Station #33

Portales, NM 88130
505\562-2152

M. Kenney

Instructor

Eastern New Mexico University
Station #33

Portales, NM 88130
505\562-2152

Charles Kincaid
Lecturer

Florida, University of
477 Little Hall
Gainesville, FL. 32611
904\392-1941

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:

Assigned:

Specialty:
Assigned: ed

Legree.
Specialty:
Asgigned:

Specialty:
Assigned:

PhD
Psychology
Aerospace Medical Research Lab.

PhD
Geophysics
Geophysics Laboratory

PhD
Electrical Eng.
Avionics Laboratory

PhD
Physical Chemistry
Astronautics Laboratory

MS
Physical Chemistry
Astronautics Laboratory

MS
Statistics
Aerospace Medical Research Lab.




NAME/ADDRESS

Lynn Kirms

Assistant Prof.

Southern Oregon St. College
Chemistry Dept.

Ashland, OR 97520
503\482-6471

Mark Kirms

Assistant Prof.

Southern Oregon St. College
Dept. of Chemistry
Ashland, OR 97520
503\482-6471

Michael Klein
Professor

Worcester Poly Inst
100 Institute Rd.
Worcester, MA 01609
508\831-5527

Faysal Kolkailah

Professor

California Polytec.

Dept. of Aero. Eng.

San Luis Obispo, CA 93407
805\786-2393

William Kuriger
Professor

Oklahoma, University of
EECS Dept.

Norman, OK 73019
405\325-4721

Thomas Lalk

Associate Prof.

Texas A&M Univ.

Dept. of Mechanical Eng.
College Station, TX 77843
409\845-4734

DEGREE, SPECIALTY, LABVORATORY ASSIGNED

Degree:
Specialty:

Assigned: ed

LDegree:
Specialty:
Assigned:

Specialty:
Assigmed:

Specialty:
Assigned: ed

xiv

PhD
Organic Chemistry
Astronautics Laboratory

PhD
Organic Chemistry
Astronautics Laboratory

PhD
Physics
Rome Air Development Center

PhD
Mechanical Eng.
Astronautics Laboratory

PhD
Electrical Eng.
Rome Air Development Center

PhD
Mechanical Eng.
Aero Propulsion Laboratory




NAME/ADDRESS

John Lanning

Associate Prof.
Colorado-Denver, University
Box 144, 1200 Larimer St.
Denver, CO 80204
303\556-2557

Jay Lee

Assistant Prof.
Syracuse University
Link Hall

Syracuse, NY 13244
315\443-4395

Lang-Wah Lee

Professor
Wisconsin-Plattevil.
Dept. of Mechanical Eng.
Platteville, WI 53818
608\342-1534

Tze San Lee

Assistant Prof.

Western Illinois University
Dept. of Mathematics
Macomb, IL 61455
309\298-1485

Baruch Lieber

Assistant Prof.

New York, State Univ. of
Dept. of Mech. & Aero. Eng.
Buffalo, NY 14260
716\636-2391

Charles Lishawa
Assistant Prof.
Utica College
Burstone Rd.
Utica, NY 13502
315\792-3139

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Smcxaft,l:

lty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

PhD
Analytical Chemistry
Frank J. Seiler Research Lab.

PhD
Electrical Engineering
Rome Air Development Center

PhD

Mechanical Eng.

Arnold Engineering Development
Center

PhD
Applied Mathematics
School of Aerospace Medicine

PhD
Aerospace Engineering
Aero Propulsion Laboratory

PhD
Physical Chemistry
Geophysics Laboratory




NAME/ADDRESS

Dar-Biau Liu

Professor

California State University
Dept. of Comp. Sci. and Eng.
Long Beach, CA 90840
213\985-1594

Thomas Lockwood
Associate Prof.
Wright State Univ.
3640 Col. Glenn Hwy.
Dayton, OH 45435
513\873-3060

Harold Longbotham

Assistant Prof.

Texas-San Antonio, University
7000 Loop 1604 NW

San Antonio, TX 78285
512\691-5518

Lewis Lutton
Associate Prof.
Mercyhurst College
Glenwood Hills
Erie, PA 16546
814\825-0372

Ethel Matin

Professor

Long Island Univ.
CW Post Campus/LIU
Brookville, NY 11548
516\299-2063

Stewart Maurer
Associate Prof.

New York Inst. Tech.
1855 Bway

New York, NY 10023
212\399-9698

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Specialty:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

PhD
Applied Math
Avionics Laboratory

PhD
Toxicology
Aerospace Medical Research Lab.

PhD
Electrical Eng.
School of Aerospace Medicine

PhD
Envir. Physiology
Aerospace Medical Research Lab.

PhD
Exper. Psychology
Aerospace Medical Research Lab.

PhD

Electrical Eng.

Occupational and Environmental
Health Laboratory




NAME/ADDRESS

Amy Miller
Assistant Prof.
Oklahoma, Univ. of
620 Parrington Oval
Norman, OK 73019
405\325-4836

Thomas Miller

Professor

Oklahoma, Univ. of

Dept. of Physics & Astronomy
Norman, OK 73019
405\325-3961

Deborah Mitta

Assistant Prof.

Texas A&M Univ.

Dept. of Industrial Eng.
College Station, TX 77843
409\845-3299

Augustus Morris

Assistant Prof.

Central State Univ.

Dept. of Manufacturing Eng.
Wilberforce, OH 45384
513\376-6435

Rex Moyer

Professor

Trinity Univ.

715 Stadium Dr.

San Antonio, TX 78284
512\736-7242

Sundaram Natarajan
Associate Prof.
Tennessee Tech Univ.
Box 5004

Cookeville, TN 38505
615\372-3450

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD
Specialty:  Chemistry
Assigned: = Geophysics Laboratory

Degree: PhD
Specialty:  Physics

Assiggecl_:: Geophysics Laboratory

Degree: PhD

Specialty:  Industrial Eng.

Assigned: = Human Resources Laboratory:
Logistics & Human Factors

Degree: PhD
Specialty:  Biomedical Engineering
Assigned:  Flight Dynamics Laboratory

Degree: PhD
Specialty:  Microbiology
Asgigned:  School of Aerospace Medicine

Degree: PhD
Specialty:  Electrical Eng.
Assigned:  Electronic Systems Division




NAME/ADDRESS

Henry Nebel
Associate Prof.
Alfred University
Physics Dept.
Alfred, NY 14802
607\871-2208

Joseph Newkirk
Assistant Prof.
Missouri-Rolla, University
282 McNutt Hall

Rolla, MO 65401
314\341-4725

Duc Nguyen
Assistant Prof.

Old Dominion Univ.
Civil Eng. Dept.
Norfolk, VA 23529
804\683-3761

- James Noyes
Associate Prof.
Wittenberg Univ.

Box 720

Springfield, OH 45501
513\327-7858

Hugh Nutley

Professor

Seattle Pacific University
3307 3rd Ave. W.
Seattle, WA 98119
206\281-2954

Robert O’Connell
Associate Prof.
Missouri, Univ. of
ECE Dept.

Columbia, MO 65211
314\882-8373

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Asmgged

Specialty:
Assigned:

Specialty:
Assigned: ed

Degree:
Specialty:
Assigned:

Specialty:
Assigned:

PhD
Physics
Geophysics Laboratory

PhD
Materials Science
Materials Laboratory

PhD
Civil Engineering
Weapons Laboratory

PhD
Computer Science
Avionics Laboratory

PhD
Physics
Geophysics Laboratory

PhD
Electrical Eng.
Rome Air Development Center




NAME/ADDRESS

Bipin Pai

Associate Prof.
Purdue Univ.

Dept. of Eng.
Hammond, IN 46323
219\989-2694

Harvey Paige
Associate Prof.
Alfred University
PO Box 546
Alfred, NY 14802
607\871-2201

Arnold Polak

Professor

Cincinnati, University of
M.L. #70

Cincinnati, OH 45221
513\556-3550

Randy Pollack
Assistant Prof.
Wright State Univ.
Computer Sci. Dept.
Dayton, OH 45435
513\873-2491

Raymond Quock

Professor

Univ. of Illinois at Rockford
604 N. 16th St.

Milwaukee, WI 53233
414\224-7251

Vittal Rao

Professor

Missouri-Rolla, University
Dept. of Electrical Eng.
Rolla, MO 65401
314\341-4508

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD
Specialty;  Mechanical Eng.
Assigned:  Astronautics Laboratory

Degree: PhD
Specialty:  Inorganic Chem.
Assngged Materials Laboratory

Degree: PhD
Specialty:  Aerospace Eng.
Assigned: Flight Dynamics Laboratory

Degree: PhD
Specialty:  Anthropology
Assigned:  Aerospace Medical Research Lab.

Degree: PhD
Specialty:  Pharmacology
Assigned:  School of Aerospace Medicine

Degree: PhD
Specialty:  Control Systems
Assigned:  Astronautics Laboratory




NAME/ADDRESS

Craig Rasmussen
Assistant Prof.
Utah State Univ.
CASS UMC 4405
Logan, UT 84322
801\750-2967

Michael Resch

Assistant Prof.
Nebraska-Lincoln, University of
212 Bancroft Hall

Lincoln, NE 68588
402\472-2354

Richard Robertson
Professor

California State Univ.
3801 W. Temple Ave.
Pomona, CA 91768
714\869-3488

Larry Roe

Assistant Prof.
Virginia Poly Institute
Dept. of Mech. Eng.
Blacksburg, VA 24061
703\231-7295

Deborah Ross

Assistant Prof.
Indiana-Purdue, University of
2101 Coliseum Blvd. East
Fort Wayne, IN 46805
219\481-6313

Duane Sanders

Assistant Prof

Texas A&M Univ.

Dept. of Civil Eng.

College Station, TX 77843
409\845-9566

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:

Assigned:

Degree:
Specialty:

Asmgr_led

Specialty:
Assigned: ed

Specialty:
Assigned: ed

Specialty:
Assigned:

Specialty:
Asgigned:

PhD
Physics
Geophysics Laboratory

PhD
Materials Science
Materials Laboratory

MS
Mathematics
Astronautics Laboratory

PhD
Mechanical Eng.
Aero Propulsion Laboratory

PhD
Microbiology
Engineering & Services Center

PhD
Civil Engineering
Weapons Laboratory




NAME/ADDRESS

John Sanders

Assistant Prof.

Northwestern State University
Fournet Hall

Natchitoches, LA 71497
318\357-5501

Paul Scheie
Professor

Texas Lutheran Coll
1000 West Court
Seguin, TX 78155
512\379-4161

William Schulz

Professor

Eastern Kentucky University
Moore 337

Richmond, KY 40475
606\622-1463

Ronald Seaman

Associate Prof.

Louisiana Tech University
PO Box 3185

Ruston, LA 71272
318\257-4562

Sally Sedelow

Professor

Arkansas-Little Rock, Univ.
33rd and University

Little Rock, AR 72204
501\569-8130

Nisar Shaikh

Assistant Prof.
Nebraska-Lincoln, University
212 Bancroft Hall

Lincoln, NE 68588
402\472-6692

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD
Specialty:  Chemistry
Assigned: Frank J. Seiler Research Lab.

Degree: PhD
Specialty:  Biophysics
Assigned:  School of Aerospace Medicine

Degree: PhD
Specialty:  Analytical Chemistry
Assigned:  Aero Propulsion Laboratory

Degree: PhD
Specialty;  Biomedical Eng.
Assigned:  School of Aerospace Medicine

Degree: PhD
Specialty:  Computer Science

Assigned:  Rome Air Development Center

Degree: PhD
Specialty:  Applied Math.
Asgigned:  Flight Dynamics Laboratory




NAME/ADDRESS

Clay Sharts

Professor

San Diego State University
Dept. of Chemistry

San Diego, CA 92182
619\594-5576

Edmund Shearer

Professor

Fort Hays State University
600 Park St.

Hays, KS 67601
913\628-4506

James Sherwood

Assistant Prof.

New Hampshire, University of
Kingsbury Hall

Durham, NH 03824
603\862-2624

Robert Shock
Associate

Wright State Univ.
Dept. of CEG and CS
Dayton, OH 45435
513\259-8402

Hugh Siefken
Chairman

Greenville College
Dept. of Physics
Greenville, IL. 62246
618\664-4081

John Silvestro
Assistant Prof.
Clemson Univ.
Riggs Hall
Clemson, SC 29634
803\656-5921

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Deggge

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree

Specialty:
Assigned:

Specialty:
Assigned:

xxii

PhD
Chemistry
Frank J. Seiler Research Lab.

PhD

Chemistry

Occupational and Environmental
Health Laboratory

PhD
Aero. Mechanics
Materials Laboratory

PhD
Mathematics
Avionics Laboratory

PhD
Nuclear Physics
Weapons Laboratory

PhD
Electrical Eng.
Weapons Laboratory




NAME/ADDRESS

Miles Simpson

Associate Prof.

North Carolina Cent. Univ.
Dept. of Sociology
Durham, NC 27707
919\560-6420

Boghos Sivazlian
Professor

Florida, Univ. of

303 Weil Hall
Gainesville, FL. 32611
904\392-1464

William Smith
Associate Prof.
Pittsburgh, Univ. of
526 C.L.

Pittsburgh, PA 15260
412\624-6559

Michael Stanisic

Assistant Prof.

Notre Dame, University of
Dept. of Aero/Mech Eng.
Notre Dame, IN 46556
219\239-7897

Stanley Stephenson

Associate Prof.

Southwest Texas State University
CIS/ADS Dept.

San Marcos, TX 78666
512\245-2291

Chun Fu Su

Assistant Prof.

Mississippi State University
Dept. of Physics

Mississippi State, MS 39762
601\325-2931

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree: PhD

Specialty:  Sociology

Assigned: = Human Resources Laboratory:
Manpower and Personnel Division

Degree: PhD
Specialty: = Operations Research
Assigned: Armament Laboratory

Degree: PhD

Specialty:  Linguistics

Assigned: ed Human Resources Laboratory:
Training Systems

Degree: PhD
Specialty:  Robotics
Assigned:  Aerospace Medical Research Lab.

Degree: PhD

Specialty:  Psychology

Assigned: Human Resources Laboratory:
Training Systems

Degree: PhD

Specialty:  Physics
Assigned:  Arnold Engineering Development

Center




NAME/ADDRESS

Khaja Subhani
Associate Prof.
Lawrence Tech. Univ.
21000 West Ten Mile
Southfield, MI 48075
313\356-0200

Larry Swanson
Assistant Prof.
Denver, Univ. of
2390 S. York St.
Denver, CO 80208
303\871-3816

Michael Sydor

Professor

Minnesota-Duluth, University of
Dept. of Physics

Duluth, MN 55812
218\726-7205

Joseph Szucs
Associate Prof.

Texas A&M Univ.
GACD PO Box 1675
Galveston, TX 77553
409\740-4463

Chi-Ming Tang

Associate Prof.

New York, State Univ. of
Dept. of Math
Geneseo, NY

716\245-5386

14454

Richard Tankin
Professor
Northwestern Univ.
Mechanical Eng. Dept.
Evanston, IL 60201
312\491-3532

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:

Degree:
Specialty:
Assigned:

Xxiv

PhD
Electrical Eng.
Rome Air Development Center

PhD
Mechanical Eng.
Astronautics Laboratory

PhD
Physics
Materials Laboratory

PhD
Functional Analytics
Aerospace Medical Research Lab.

PhD
Mathematics
Aerospace Medical Research Lab.

PhD
Mechanical Eng.
Aero Propulsion Laboratory



NAME/ADDRESS

Teresa Taylor

Assistant Prof.
Missouri-Columbia, University of
600 West Mechanic
Independence, MO 64050
816\276-1285

Ebo Tei

Professor

Arkansas-Pine Bluff, Univ. of
Social & Behavioral Sci.

Pine Bluff, AR 71601
501\541-6787

Roger Thompson

Assistant Prof.
Pennsylvania St. University
233 Hammond Bldg.
University Park, PA 16802
814\863-0968

Richard Tipping
Professor

Alabama, University
Dept. of Physics
Tuscaloosa, AL 35487
205\348-3799

Phillip Tomporowski
Assistant Prof.
Alabama, University of
Box 870348

Tuscaloosa, AL 35487
205\348-1936

Ram Tripathi

Professor

Texas-San Antonio, Univ. of
Dept. of Mathematics

San Antonio, TX 78285
512\691-5549

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialt

Assigned:

<
X

Degree:
Specialty:
Assigned:

Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:

PhD
Civil Eng.
Engineering & Services Center

PhD
Psychology
Aerospace Medical Research Lab.

PhD
Eng. Mechanics
Astronautics Laboratory

PhD
Physics
Arnold Engineering Development Ctr.

PhD

Psychology

Human Resources Laboratory:
Operations Training Division

PhD
Statistics
School of Aerospace Medicine




NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY ASSIGNED

Steven Trogdon Degree: PhD
Associate Prof. Specialty: = Mechanics

Minnesota-Duluth, University of Assigned: Armament Laboratory
108 Heller Hall
Duluth, MN 55812

218\726-6173
Timothy Troutt Degree: PhD
Associate Prof. Specialty: = Mechanical Eng.

Washington State University of Assigned: Frank J. Seiler Research Lab.
Mech. & Mat. Eng. Dept.
Pullman, WA 99164

509\335-4375

Donald Ucci Degree: PhD

Associate Prof. Specialty:  Electrical Eng.

Illinois Inst.Tech. Assu ed: Rome Air Development Center

3300 S. Federal St.
Chicago, IL. 60616

312\567-3405
George Veyera Degree: PhD
Assistant Prof. Specialty:  Civil Eng.
- Rhode Island, University of Assigned: ed Engineering & Services Center

Dept. of Civil Eng.
Kingston, RI 02881
401\792-2692

Hung Vu Degree: PhD
Assistant Prof. Specialty:  Applied Mechanics
California State University Assigned:  Frank J. Seiler Research Lab.

Mech. Eng. Dept.
Long Beach, CA 90840
213\985-1524

Bonnie Walker Degree: PhD
Assistant Prof. Specialty:  Experimental Psychology
Central State Univ. Assigned:  Aerospace Medical Research Lab.

Psychology Dept.
Wilberforce, OH 45384
513\376-6516



NAME/ADDRESS

William Wallace
Professor

Rensselaer Poly. Inst
CII Room 5117
Troy, NY 12180
518\276-6452

Ji Wang

Professor

San Jose State Univ.
S. 7 St.

San Jose, CA 95192
408\924-4299

Phillip Wapner

Associate Prof.

Southern Ilinois University
Dept. of Mech. Eng.
Carbondale, IL 62901
618\453-7021

Robert Wheasler

Professor

Wyoming, Univ. of

Box 3295 University Station
Laramie, WY 82071
307\766-5126

D. Wilkes

Assistant Prof.
Vanderbilt Univ.

Box 1649 Station B
Nashville, TN 37235
615\343-6016

Robert Willis
Associate Prof.
Mercer University
1400 Coleman Ave.
Macon, GA 31207
912\744-2704

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Asgigned:

Degree:
Specialty:
Assigned:

Assigned:

Degree:
Specialty:
Assigned:

PhD
Management Science

Rome Air Development Center

PhD
Mechanical Eng.
Astronautics Laboratory

PhD
Chemical Eng.
Astronautics Laboratory

PhD
Engineering ‘
Aero Propulsion Laboratory

PhD

Electrical Eng.

Arnold Engineering Development
Center

PhD
Physics
Geophysics Laboratory




NAME/ADDRESS

John Wills

Professor

Indiana Univ.

Physics Dept.
Bloomington, IN 47405
812\855-1479

David Woehr

Assistant Prof.

Texas A&M Univ.

Dept. of Psychology
College Station, TX 77843
409\845-2097

Michael Wolfe

Assistant Prof.

West Virginia Univ.

PO Box 6025
Morgantown, WV 26506
304\293-4495

William Wolfe
Associate Prof.

Ohio State Univ.

470 Hitchcock Hall
Columbus, OH 43210
614\292-0790

James Wolper
Assistant Prof.
Hamilton College

Dept. of Math. & Comp. Sci.

Clinton, NY 13323
315\859-4417

Asad Yousuf

Assistant Prof.
Savannah State College
PO Box 20089
Savannah, GA 31404
912\356-2154

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Asm@ed

Degree:
Specialty:
Asgigned:

Specialty:
Assigned: ed

it

PhD
Physics
Geophysics Laboratory

PhD

Industrial Psychology

Human Resources Laboratory:
Manpower and Personnel Division

PhD

Management Science

Human Resources Laboratory:
Logistics & Human Factors

PhD

"Engineering

Flight Dynamics Laboratory

PhD
Mathematics
Rome Air Development Center

MS
Electrical Eng.
Armament Laboratory




NAME/ADDRESS

Juin Yu

Professor

West Virginia Tech.
Mechanical Eng. Dept.
Montgomery, WV 25136
304\442-3248

Gregory Zagursky
Assistant Prof.
Morris College

Div. General Studies
Sumter, SC 29150
803\775-9371

Lawrence Zavodney
Assistant Prof.

Ohio State Univ.

209 Boyd Lab.
Columbus, OH 43210
614\292-2209

Yehoshua Zeevi
Professor

Harvard Univ.

Applied Sciences
Cambridge, MA 02138
617\495-2850

Robert Zerwekh

Assistant Prof.

Northern Illinois University
Dept. of Comp. Sci.
DeKalb, IL. 60115
815\753-6949

Henry Zmuda
Assistant Prof.

Stevens Inst Tech
Dept. of Electrical Eng.
Hoboken, NJ 07030
201\420-5507

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:

Assigned:

Degree:.
Specialty:
Asmg_ged

Legree.
Specialty:
Asgigned: ed

Speciaity:
Assigned:

Specialty:
Assigned:

PhD
Mechanical Engineering
Flight Dynamics Laboratory

MS

Biology

Occupational and Environmental
Health Laboratory

PhD
Mechanical Eng.
Flight Dynamics Laboratory

PhD

Electrical Eng.

Human Resources Laboratory:
Operations Training Division

PhD

Philosophy

Human Resources Laboratory:
Training Systems

PhD
Electrical Eng.
Rome Air Development Center
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C. PARTICIPANT LABORATORY ASSIGNMENT (Page 1)
1989 USAF/UES SUMMER FACULTY RESEARCH PROGRAM

AERO PROPULSION LABORATORY (WRDC/APL)
(Wright-Patterson Air Force Base)

1. Mingking Chyu 6. Baruch Lieber

2 Jerry Clark 7. Larry Roe

3. Wayne Eckerle 8. William Schulz
4. Frank Gerner 9. Richard Tankin
5 Thomas Lalk 10. Robert Wheasler

ARMAMENT LABORATORY (ATL)
(Eglin Air Force Base)
1.  Peter Armandarez
2.  Joseph Brown
3. Roger Bunting
4.  Satish Chandra
5. David Cicci

George Coleman
Boghos Sivazlian
Steven Trogdon
Asad Yousuf

©Pa®

HARRY G. ARMSTRONG AEROSPACE MEDICAL RESEARCH LABORATORY (AAMRL)
(Wright-Patterson AFB)

1.  Ernest Hallford 7. Randy Pollack
2. Carl Ingling 8. Michael Stanisic
3. Charles Kincaid 9. Joseph Szucs

4. Thomas Lockwood 10. Chi-Ming Tang
5. Lewis Lutton 11. Ebo Tei

6. Ethel Matin 12. Bonnie Walker

ARNOLD ENGINEERING DEVELOPMENT CENTER (AEDC)
(Arnold Air Force Base)

1. Brian Beecken 6. Orlando Hankins
2. Lee Britt 7. Lang-Wah Lee

3.  Brian Circelli 8. Chun Fu Su

4,  Stephen Cobb 9. Richard Tipping
5. John Francis 10.  D. Mitchell Wilkes

ASTRONAUTICS LABORATORY (AL)
Edwards Air Force Base)

1. John Kenney 7. Vittal Rao

2. M. Inga Kenney 8. Richard Robertson
3. Lynn Kirms 9. Larry Swanson

4. Mark Kirms 10. Roger Thompson
5.  Faysal Kolkailah 11. Ji Wang

6. Bipin Pai 12.  Phillip Wapner

AVIONICS LABORATORY (WRDC/AL)
(Wright-Patterson Air Force Base)

1. David Choate 5. Dar-Biau Liu
2. R. H. Cofer 6. James Noyes
3. Larry Crum 7. Robert Shock
4., Mohammad Karim




C. PARTICIPANT LABORATORY ASSIGNMENT (Page 2)

ELECTRONIC SYSTEMS DIVISION (ESD)
(Hanscom Air Force Base)
1.  Beryl Barber
2.  Ajit Choudhury
3. S. Natarajan

ENGINEERING AND SERVICES CENTER (ESC)
(Tyndall Air Force Base)

1. Jon Anderson 7. Kirk Hatfield

2. William Bannister 8. Kim Hayes

3. Emerson Besch 9. Deborah Ross

4.  Anthony Carlisle 10.  Teresa Taylor

5. Derald Chriss 11.  George Veyera
6. Avery Demond

FLIGHT DYNAMICS LABORATORY (WRDC/FDL)
(anht-Patterson Air Force Base)

Larry Byrd 6. Nisar Shaikh
2. Kenneth Cornelius 7. Wilklam Wolfe
3. Dennis Farrell 8. Juin Yu
4.  Augustus Morris 9. Lawrence Zavodney
5.

Arnold Polak

FRANK J. SEILER RESEARCH LABORATORY (FJSRL)
(USAF Academy)

1. R. Granger 5. Clay Sharts
2. L. Hillman 6. Timothy Troutt
3. John Lanning 7. Hung Vu

4. John Sanders

GEOPHYSICS LABORATORY (AFGL)
(Hanscom Air Force Base)

1.  Pradhip Bakshi 7. Thomas Miller

2. Chi Chen 8. Henry Nebel

3. P.Das 9. Hugh Nutley

4.  Alan Kafka 10.  Craig Rasmussen
5.  Charles Lishawa 11.  Robert Willis

6. Amy Miller 12. John Wills

HUMAN RESOURCES LABORATORY (HRL)
(Brooks, Williams, and Wright-Patterson Air Force Bases)

1.  Christopher Bell 7. Stanley Stephensen
2. Kevin Bennett 8. P. Tomporowski

3. Kathryn Cochran 9. David Woehr

4. Deborah Mitta 10.  Michael Wolfe

5. Miles Simpson 11.  Yehoshua Zeevi

6. William Smith 12.  Robert Zerwekh




C. PARTICIPANT LABORATORY ASSIGNMENT (Page 3)

MATERIALS LABORATORY (ML)

(anht-Patterson Air Force Base)

QO

Karren Brito
Donald Chung
Kenneth Currie
Peter Henrisken
Joseph Newkirk

©CPNS

Harvey Paige
Michael Resch
James Sherwood
Michael Sydor

OCCUPATIONAL AND ENVIRONMENTAL HEALTH LABORATORY (OEHL)
(Brooks Air Force Base)

1.
2.

Barbara Alvin
Stewart Maurer

3.
4.

ROME AIR DEVELOPMENT CENTER (RADC)
(Griffiss Air Force Base)

SR IRUE

Charles Alajgjian
Ian Grosse

John Hadjilogiou
Henry Helmken
Stuart Hirshfield
Michael Klein
William Kuriger
Jay Lee

SCHOOL OF AEROSPACE MEDICINE (SAM)
(Brooks Air Force Base)

SR R ol ol ol o

Thomas Abraham

Robert Blystone

Carolyn Caudle-Alexander
James Chambers

Mark Cornwall

Vito DelVecchio

Patrick Hannon

Cynthia Hardy

Jeffrey Himm

WEAPONS LABORATORY (WL)
(Kirtland Air Force Base)

1.
2.
3.
4.

Thomas Dwyer
William Filippone
William Grissom
Harry Hogan

10.
11.
12.
13.
14.
15.
16.
17.

PGB

WILFORD HALL MEDICAL CENTER (WHMC)
(Lackland Air Force Base)

1.

Walter Drost-Hansen

Edmund Shearer
Gregory Zagursky

Robert O’Connell
Sally Sedelow
Khaja Subhani
Donald Ucci
William Wallace
James Wolper
Henry Zmuda

Gwendolyn Howze
Tze San Lee
Harold Longbotham
Rex Moyer
Raymond Quock
Paul Scheie

Ronald Seaman
Ram Tripathi

Duc Nguyen
Duane Sanders
Hugh Siekfen
John Silvestro
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RESEARCH REPORTS
1989 SUMMER FACULTY RESEARCH PROGRAM

Technical

Report

Number Title Professor
Volume I
Armament Laboratory

1 Reactive Compositions Using Light Metals Dr. Peter Armendarez
and Metal Alloys

2 Maneuvering Hard Target Penetrators Dr. Joseph Brown

3 A Study of Ionic Polymer Membranes for Dr. Roger Bunting

Application as Capacitor Electrolytes
and Preliminary Investigations on Photo-
Activated Stripline Switches

4 Multisensor Seeker for Medium Range Dr. Satish Chandra
Air-to-Air Missiles

5 Extended Kalman Filter Tuning and Dr. David Cicci
Alternative Techniques ‘

6 Statistical Analysis of Blast Loading Dr. George Coleman
in Concrete

7 A Methodology for Evaluating the Dr. Boghos Sivazlian
Effectiveness of Smart Submunition
Systems

8 Shock Wave Initiated Detonation of an Dr. Steven Trogdon
Explosive

9 Distributed Filter Architecture Dr. Asad Yousuf
Implementation with VLSI and Expert
Systems

Arnold Engineering Development Center

10 Response of Infrared Detectors to Dr. Brian Beecken
Pulsed Radiation

11 An Analysis of Focal Plane Irradiance Dr. Lee Britt
Effects on IR Detectors

12 Code Development for Design of a High Dr. Brian Circelli
Temperature Hypersonic Facility Mixer




Arnold Engineering Development Center (continued)

13 Laser-Induced Fluorescence of Iodine Dr. Stephen Cobb
and Sodium for Application in Resonant
Doppler Velocimetry of Hypersonic Flows

14 Thermal Analysis of Bodies Subjected to Dr. John Francis
Aerodynamic Heating

15 Diagnostics for Determination of Arc Dr. Orlando Hankins
Plasma Parameters of the AEDC HEAT H1
Arc Heater

16 The Design of Jet Mixers for an Arc Dr. Lang-Wah Lee
Heater: An Experimental Approach

17 Laser Induced Fluorescence (LIF) of Dr. Chun Fu Su
Nitric Oxide (NO)

18 Spectroscopic Monitoring of Exhaust Dr. Richard Tipping
Gases

19 Distributed and Parallel Image Dr. D. Wilkes

and Signal Processing
Astronautics Laboratory

20 Magnetic Perturbations of the Structural Dr. John W. Kenney
Characteristics, Photophysical Properties
and Photochemical Behavior of Cryogenic
Noble Gas-Alkali Metal Matrices

21 I, Enhancement Via Adsorption/ Dr. M. Inga Kenney
Ai)sorption of Small Energetic
Molecules on Solid Propellants

22 Studies Toward the Synthesis of Dr. Lynn M. Kirms
Pentanitrobishomocubane

23 The Preparation of Poly(imide Siloxane) Prof. Mark Kirms
Polymers: Oxygen Resistant Space
Polymers

24 Numerical Presentation of Stress Dr. Faysal Kolkailah

Analysis, Design and Fracture
Mechanics for Composite Materials
and Structures

25 Fracture Behavior of a Composite Dr. Bipin Pai
Solid Rocket Propellant

26 Robust Control of a L Experimental Dr. Vittal Rao
Grid Using Reduced Order Models




Astronautics Laboratory (continued)

27

28
29

30

31

A Neural Network Approach to the
Adaptive Control of Large Space
Structures

Cryogenic Heat Pipes

Design and Development of a Flexible
Multi-Body Dynamics Experiment

Synthesis of Active Space Structure
Vibration Control Systems for an
Astrex Test Article

Dynamic Mechanical Response of Carbon/

Carbon Composites by Vibrating
Reed Measurements

Electronics Systems Division

32
33

34

Carrier Free Radar

Detection Performance for Over
Resolved Targets with Varying Energy
Level in Cells

Analysis of Testability Concepts and
its Application to RSIP

Engineering and Services Center

35

36
37

38

39

40

41

Proposed Innovative Semi-Hard Aircraft
Shelter

JP-8 Ignitability

Effect of Jet Aircraft Noise on
Domestic Goats

An Algorithmic System for Subjective
Comparisons

The Study of Alkali-Enhanced Cements
and Concretes

Prediction of the Capillary Pressure-
Saturation Relationships for Aquifiers
Contaminated with Jet Fuels

Contaminant Flux Reduction Through
In Situ Solubility Modification

xxxvii

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.
Dr.

Dr.

Dr.

Dr.
Dr.

Dr.

Dr.

Dr.

Dr.

Richard Robertson

Larry Swanson
Roger Thompson

Ji Wang

Phillip Wapner

Beryl Barber
Ajit Choudhury

S. Natarajan

Jon Anderson

William Bannister

Emerson Besch
Anthony Carlisle
Derald Chriss

Avery Demond

Kirk Hatfield




Engineering and Services Center (continued)

42

43
44

45

Volume II

An FT-IR Spectroscopic Investigation
of Surfactant Adsorption at the
Mineral-Water Interface

Biodegradation of Jet Fuel JP-8

Further Development of the AFESC
Centrifuge Facility

Static and Dynamic Behavior of
Compacted Unsaturated Sands

Frank J. Seiler Research Laboratory

46
47

48

49

50

51

52

The Vibration of Thin Leading Edges

Second Harmonic Generation in
Optical Fibers

Evaluation of Cold Fusion in Molten
Salt Systems

High Charge Density Batteries
Employing Ionic Liquid Electrolytes

A Convenient Preparation of Nitronium
Triflate and its Use for Nitration

An Investigation of Dynamic Stall
Vortex Characteristics

Modeling of a Structure-Actuator
System with Structure-Borne
Reaction-Mass Actuators and Optimal
Design of Passive Vibration Absorbers

Geophysics Laboratory

53

54

55

Impulse Approximation Formalism for
Atom Molecule Collisions: Exact Theory
and Limitations

A Statistical Analysis of the
Geomagnetic Indices, 1932-1989

Cumulus Parameterization in Numerical

Prediction Models: Proposal for a New
Parcel-Dynamical Approach

Dr.

Dr.

Dr.

Dr.

Dr.
Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Kim Hayes

Deborah Ross

Teresa Taylor

George Veyera

Robert Granger
Lloyd Hillman

John Lanning

John Sanders

Clay Sharts

Timothy Troutt

Hung Vu

Pradip Bakshi

Chi Chen

Phanindramohan Das




Geophysics Laboratory (continued)

56

57

58

59

60

61

62

63

64

Estimating Characteristics of Chemical
Explosions in New England and Eastern
Kazakhstan Using Local and Regional
Seismic Data

A Study of the Water Vapor Cation-
Neutral Reactions

Acidities of Iron Hydride and Various
Transition-Metal Compounds; Reactions
of Iron and Iron Carbonyl Anions

Acidities of Iron Hydride and Various
Transition-Metal Compounds; Reactions
of Iron and Iron Carbonyl Anions
(Same Report as Dr. Amy Miller)

CO2(4.3pm) Vibrational Temperatures and
Limb Radiances Under Sunlit Conditions
in the 50-120 KM Altitude Range

Estimating Solar Flare Proton Fluences
From 1850 with Tritium Data

Electric Fields in the Middle-and Low-
Latitude Ionosphere and Plasmasphere

Review and Assessment of Carbon Dioxide
Pressure Broadening Data

Non-Uniform Clouds

Rome Air Development Center

65

66

67

68

69

Design Considerations in the
Implementation of ACT Programmable
Transversal Filters

Automating Finite Element Reliability
Assessment of Microelectronic Components

Design for Testability: From
Components to Systems
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Ferceived time to contact asz a function

of event structure during self motion

by

Ernest W. Hallford

Abstract

Recent self-motion studies have shown that viewers are

]

ensgitive to visual information available in edge and {1l

9]

w

o,

ot

iv

1y

rates specifying forward speed and altitude, respec ly,
a2lthough the “two specifications may be partially confounded

for some viewers. These studies have improvad our

understanding of visual factors af

>

=
LY

ecting judgment and

control of self movements during events involving constant

speeds and level flights, as well az a lerations and

p]

C

D

decelerations, and ascents and deszcents. The current project
extends these studies to questions regarding moving viewers'

judgment and control of their time to contact with designated

targets, as well as the prediction and control of contacts
involving moving objects at a distance from themselves
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I. INTRODUCTION.

The Perception and Control in Low Altitude Flight (PACLAF)

laboratory of the Human Engiheering Division of the Armstro

erozpace Medical Res=

=3

o1
il

arch Laboratory at Wright-Fabtterzon A

'y

aro

i)
o

Baze haz contributed exten

[0}

ively both %o the study of

ful
3
Ju
<t
D
5}
[
joo]
ot
ja g
(]
o)
b
3
9}
iD
3
ot
i
Q
jo]

the roles of optical flow and edz

o

=F

cgpaeed and altitude, and to the study of simulated

[y

egomotion, These issues are also relevant to

[
o
o
2,
e
@
1)}
[w]
oy
o
o o

perception and control of contact, which is, of course

]

integral to aircraft landings and take-offs,

0,
jol
s
Q

uidance of

o

altitude aircraft through cluttered environments, and
decision-making activities pursuant to either accomplishing

or else avoiding contact.

My own research interestz have been directed soward (1)

ot
ol
D

study of a variety of event components which may affect
judgment and control of time to contacht, and (2) issues
regarding an observer’s ability to attend selectively to
task-relevant information in the face of related but

irrelevant information. My recent work on extrapolative

judgments of time to contact for targets at a distance from

the observer, using computer-controlled zimulations, led %o

my assignment fto the PACLAF laboratory.

1244
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II. COBJECTIVES OF THE RESEARCH EFFORT.

My first objective waz to develop and review a‘bibliography
of literature relating both general temporal-judgment issues
and zpecific time-to-contact izsues to the current studies

and interest

0

of the PACLAF laboratory. A second objective

jo

was to develop a preliminary proposzal for egomobion studies

of time to contact, in termg of current PACLAF interests, to
be compared to similar studies of time to contact for objects

at a distance from the observer. A third objesctive, addad

design and implement the first of a zeriez of experiments on
time-to-contact judgments during egomotion. It was decided
that the initiation of this series, paralleled by studies at
my own laboratory involving objects at a distance from the
observer, zhould be undertaken during the latter porition of

my SFRP, and continued through funding from the Mini Grant

FProgram.

ITI. OBJECTIVE I: REVIEW OF RELATED RESEARCH.

Time %o contact is a major issue in motion studies, since it

iz relevant to control and guidance of one’'z own as wel!l az

other objects’ movements. Its =ztudy takes into account (1)

2

whether a contact will be made (Lee, 1976), (2) when the
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contact will occur (Hallford & Meagher, 1989; Lee, 1576: Lee

& Reddish, 1981; McLeod & Rozz, 198B2; Schiff, 1955; Schiff &

' L4

Tl

Detwiler, 1979); the nature (hard or gentle) of the contéct
(Gilden & Proffitt, 1989), and contaét—control activities
prior to and during the contact (Lee, 1976: Lee & Reddish,
1981; Lee, Young, Reddish, Lough, & Clayton, 1983).
Furthermore, the study of judgment and control activities
regarding the contact must take into account both gituations
in which the movement and relevant environmental factors are
visually specified throughout the event, and those in which
they are continuing but no longer visible. When a plane
pPasses into a cloud bank, for example,‘it i no longer

accessible fo someones tracking it visually; personnel on the

airecraft, conversely, no longer have vizual

o

VCCes

Qa
U}

to ground-
texture information. Although extrapolations of movement are
important components of planning and control during both
types of events, their accuracy is exceedingly crucial during
occlusions, 2ince control adjustments utilizing visual

information are no longer possible.

An examination of relevant literature and extensive
discussions with PACLAF personnel ravealed that the optical
gpecification of an imminent contact is deceptively simple:
that is, during egomotién, or else during the approach of an

obje

0

t toward the observer, the optical size of the contact-
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target increases while its optical position is fixed. This
apparent simplicity is overshadowed, however, by the contact
event's potential consequences, which are affected by the
velocities of the objects involved; their distances from one
another; their relative masses; control actions which may be
utilized to avoid, or else to affect the nature of the
conbtact; and time to contact, which greatly influences
decision and control activities. Furthermore, contextual

factors (such as the z3izes and proximities of o%

ot
¢t

the patterning of the terrain, the size of the conitact-
target, and occlusions of the target), even when irrelav

to trus contact time, may affect observer's Jjudgmants of

contact time, and hence affect both decigien and control

activities.

Previous and current work on ejomotion by FACLAF personn=l

has shown that both flow and edge rates are related

deceleration, and altitude (Owen & Warren, 1987; Owen,
Wolpert, & Warren, 1983; Warren, 1988; Warren & Owen, 1922
Warren, Owen, & Hettinger, 1982; Wolpert, 1983; Wolpert,
1988; Wolpert, Reardon, & Warren, 1989). Mozt studi
shown that flow rate is more strongly related to detacition o

changes in altitude, while ed

D
-3
Y
ot
]
[57]
3
QO
=3
1]
1)}
ot
"3
Q
o]
(01
[
~
"3
iD
-
]
fand
1]

to detection of acceleration (cf.
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furthermore, variables which are irrelevant to the task

sometimes interfere with performance (Wolpert, et al., 1989).

IV. OBJECTIVE II: RESEARCH PROPOSAL.

The preliminary research proposal maps a three-pronged attack

-+

on the time-to-contact gquestions implied by the foregoing

revi

®
h

Firgt, a study composed of szeveral experiments

]
o
o

ks

involving constant-speed events will examine the relative
contributions of speed, altitude, texture patterning, and
ocelusions on judgments of time to contact during egomotion.
These will be compared to a study composed of similar
experiments involving objects at - a digtance from the
observer. Second, parallel sets of experiments will examine
the same issues during events involving accelerations and
decelerations. Finally, a series of experiments will examine
these issues in situations where the obszerver responds

through active control of the event, as opposed to the

1

passive judZments of the foregoing studie=z. Thi

ot

=
2

[
foan

S akullh

1]

oh

e

expected to contribute greatly to our understanding of the

o

actors involved in timing, control of cont

act, and decizion
making during ongoing events. Ingofar as they reveal effectsz
from salient but irrelsvant factors, they will alsc ag=izt in
the development of training programs designed %o reduce
accidents related to control and guidance of moving objects,

124-8




V. OBJECTIVE III: EXPERIMENTAL DESIGN AND IMPLEMENTATION.

Experiment 1 from the proposed egomotion series was initiated
in the PACLAF laboratory, and involved the generation of a

set of constant-speed displays on a Silicon Graphics IRIS 4-D

computer. These displays were perspectival views of

-

Y]

tunnel

with dark gray rectangles (texture elementsg) appearing in
more or less random patterns on the lighter-gray walls, floor
and ceiling. On the floor of the tunnel, 200 ft {(simulated)
.ftrom. the observer, was a white stripe, which waz the contach-

target for the obgerver. The display screen wa

]

located in a

darkened viewing room, thus greatly enhancing the observer’s

sense of self-motion. The design was 3 X 3 X 3 X 2
completely within, for the following variables: Speed,
Tunnel Width, Texture Element Size, and Texture Layout. Five

volunteers from contracting agencies at AAMRL participated in

this pilot run of Experiment 1.

. On each trial, the display disappeared from the screen before
the observer's simulated contact with the target occurred.
The observer’'s task was to press the space-bar of a keyboard
in front of the screen when contact with the stripe would

have occurred, and then to indicate confid

]

nc

]

{on a scale of

1 to 7, where 7 = greatest confidence) in the accuracy of the
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judgment, by pressing one of the numeric Keys at the top of

the keyboard.

3

he pilot tezt with five participants provided information

wher

1]
D

by technical problems with displays were dectected and

o

corrected, and served as the bazis for developing analysis

programs. The first full run of the experiment was underway

at the time of the composition of this report,

VI. RECOMMENDATIONS.

The sy

n

4,
[
W
0
o
Q
"3
n

tematic isolation and variation of thought o
affect judgment and control of time to contact during

egomotion, such as edge and flow rates, s

)
0

celeration and

deceleration, texture patterning and density, proximiiy to

other objects, and occlusions, iz esszential +o a full
understanding of time-to-contact izaues. The preliminary

experiment conducted in the FACLAF laboratory was dezigned to

examine several of the foregoing f

o

CcLors in a constant-speed
situation. The systematic examination of obther factors will
require subsequent experiments; in addition, the current
results will need to be compared 4o similar e¥periments
involving objects at a distance from the observer. This will

allow the specification of differencas in decicgion

)

nd

conbtrol activities when the observer is moving versus when
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the observer iz viewing, and poszssibly controlling,

o
o
1]

movements of digtant objects.

The first series of experiments involve constant speed
events, but many of the movement issues regarding time to
contact involve accelerationz and decelerations, and, for
aircraft, ascent and descent, of the moving self or distant
object. The landing of aircraft or braking of land vehicles
exemplify theze issues, and an undefstanding of the visual
information whereby decision and control activities are
initiated and directed during such events is crucial both to
training programs and to the design of simulation devices.
Thus the second phase of this project iz pointed toward time-
-to-contact judgments and control during accelerations and

decelerations, and during ascent and descent movements.

Finally, the foregoing projects should involve both passive
judgment and active control environments, since both are
relevant to decizion and control problems in the guidance of
moving objects. Passive judgment tasks provide the
oppertunity %o examine observers' responsiveness %o lag times
wherein planning and preparatory activities can be carried
out prior to contact. Active control tasks, on the other
hand, provide the opportunity to study observerz' initiations

and adjustments of control activities a3 a function of
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particular temporal struchtures in the time-to-contact
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The Effect of Luminance on the Perceived Saturation of Lights

by

' Carl R. Ingling, Jr.

ABSTRACT

The effect of adaptation on the perceived saturation of lights has
been studied extensively by Hunt (e.g., Hunt 1952; 1953). Hunt found
that as adapting luminance decreases, the perceived saturation of lights
decreases. At Hunt's lowest luminances, the chromaticities of
dichoptically matched fields shrunk to the middle of the chromaticity
chart; at high luminances, the chromaticities of the matches plotted
near the spectral locus. These results run counter to similar work by
Onley {Onley and Ingling, 1962), who found it necessary to add white
light to a dimmer field for it to match the saturation of a
dichoptically viewed standard. Although there are niethodological
differences between the studies, there appears to be no obvious
explanation for the opposite results. The pilot work reported here

verifies Onley's result.
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I. INTRODUCTION

My research for the past 20-some years has been in the area of
color vision, devoted in particular to quantitative models of color
vision. Because of the need for accurate stimulus specificaticn in my
research, I also have interests in radiometry, photometry, and
colorimetry, particularly in the photometry of optical systems and in
the calibration of photometric standards.

Part of the research effort in the AAMRL/HEA is directed toward
human factors/vision research. In particular, Dr. Brian Tsou's reseérch
on the visual, optical and photometric aspects of the Helmet-Mounted
Display, and Dr. David Post's research on chromatic aspects of visual
displays both coincided with my own research interests. At the
suggestion of Dr. Tsou, I applied for a UES Summer Fellowship to work
with him and with Dr. Post.

II. OBJECTIVES OF THE RESEARCH EFFORT:

Recent quantitative models of color vision (e.g.; Guth et al, 1980;
Vos and Walraven, 1974; Ingling and Tsou, 1977) transform the signzls
from R, G, B cones to form two chromatic differencing channels, or
opponent-color channels, and one luminance channel. For various stimulus
conditions, the relative contributions of the chromatic and achromatic
channels afe controlled by parameters in the models that are related to
particular aspects of the stimulus situation. For example, one can
calculate the spectral sensitivity curves predicted from the models for
different adaptation conditions. For conditions of strong neutral
adaptation (white-adapted) the models produce spectral sensitivities
which depart markedly from the standard‘CIE luminosity function, Vy .
For this condition, the spectral sensitivities show numerous bumps and

submaxima, for the reason that the white adaptation suppresses the
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luminance channel sensitivity, thus relatively enhancing the

~ contributions of the more narrowly-tuned opponent channels to the
sensitivity curve. Similarly, because the opponent channels are
postulated to have slower time constants, their contribution is
eliminated in these models for any photometric criterion that depends
upon temporal resolution; e.g., a flicker criterion (either a
heterochromatic-flicker-photonetric criterion, or critical flicker
fusion).

At present, the relative weights assigned by the opponent-color
models to the sensitivities of the lﬁminance and chromatic channels is
largely a matter of post-hoc curve fitting. That is, data are selected,
and then it is demonstrated that the model can explain these data by
weighting the luminance and opponent channels by whatever factors are
needed to account for the empirical curves. The models are tested by
showing they can account for a wide range of experimental data if proper
values are given to the free parameters in the model; in this instance,
they can be made to account for spectral sensitiviﬁy curves measured
under a variety of experimental conditions.

In this connection it is of interest to know what the effect of
intensity is on the relative contributions of opponent and luminance
mechanisms. Presumably, each channel can be chaFiﬁgirized by an input-

1
output function. To give a related example, Juquexplained the Bezold-
Brucke hue shift by postulating different gain functions for the y-b and
r-g opponent channels. For this particular instance, the idea is that as
intensity increases, the y-b channel output increases more rapidly than
does the r-g channel output. As a result, at low intensities the

spectrum appears dominated by reds and greens, with relatively little

blue and yellow. Conversely at high intensities, the spectrum is
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dominated by blue and yellow. Violet practically disappears, being
replaced by nearly pure blue, while wavelengths which{at low intensities
appeared nearly pure red now have a marked yellowish component.

Although the relative gains -- that is, the shapes of the input-
output functions -- are an important feature of channel models if they
are to successfully account for data over any appreciable intensity
range, by and large this is a neglected aspect of these models. In
general, the models are used to predict results for a particular
intensity level and then reparameterized for different levels.

With an'eye toward estimating the relative outputs of the chromatic
and achromatic channels as a function of intensity, several studies that
measured some form of both chromatic and achromatic responses as a
function of intensity were reviewed -- for example, Gordon and Abramov
(1988) and in particular Hunt (1952, 1953).

Although the studies by Hunt are self-consistent and carefully
done, they stand in near-total contradiction to the results of Onley and
Ingling (1962). This study was never published (except in abstract form)
because of Dr. Onley's untimely death, and the data from the study, as
well as the description of the procedures and conditions, are lost. The
present author was the junior author of Onley‘s study, and also one of
the observers in that study. Although there were numerous methodological
differences between the two studies, the three major differences
(recalling in 1989, with the aid of the abstract, a study done in 1961)
were: (i) Hunt used a white surround in his study for both the test
field and the matching field, whereas Only and Ingling's test and
matching fields had a dark surround. (ii) Hunt (for the conditions of
interest here) matched the appearance of the test field, presented at

various luminances to the left eye, with a matching field provided by a
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colorimeter to the right eye, whereas Onley and Ingling presented a
chrbmatic standard at various luminances to the left eye and a
(chromatic + white) test to the right eye. The observer matched the
saturation of the left-eye standard by varying the amount of white 1ight
added to the right-eye test. (iii) Onley and Ingling presented their
stimuli in brief flashes. Hunt's adapting fields were continuously
viewed, the matching fields being substituted into them at brief
intervals.

Because 1t is not clear what might be the cause of the discrepancy
between Hunt and Onley and Ingling, the first objective was to partially
replicate the conditions of the studies. Both studies employed a
dichoptic matching technique, and both quantified the appearance of a
test light presented at a range of intensities by matching it to a
standard. The difference in the results is that for Onley and Ingling,
as the intensity of the test light increased, it's whiteness content
also increased, whereas Hunt found the opposite; in his study, the
dimmest lights were the most desaturated.

ITI. METHODS

Stimull were presented on a computer-controlled video monitor. This
apparatus has been described elsewhere (Post and Calhoun, 1989). The
monitor screen was divided by a septum and Qiewed from a distance of 5
feet. At this distance the split fields comprising the test and matching
fields subtended two dégrees of visual angle. The stimuli were viewed
through a pair of base-out prisms placed before the eyes (see Fig. 1) so
that the observer could fuse the fields despite their separation on the
monitor screen. Any stimulus within the gamut shown in the UCS diagram
of Fig. 2 could be displayed on the monitor. A program was written which

allowed the purity of the stimulus displayed on the monitor to be
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adjusted at constant dominant wavelength by rolling a track ball. That
is, the chromaticities of the stimuli chosen could be moved along a line
defined by a particular dominant wavelength and a particuclar white (D
65). The dominant wavelengths of the 4 stimuli selected for the study
were based upon previcus work (Post and Calhoun, 1988). The dominant
wavelengths of the stimuli were: red, 641 nm; yellow, 580 nm; green,

546 nm; and blue, 465 nm. The CRT has greater meximum luminance for mid-
spectral lights‘than for lights at the spectral extremes. Were the
maximum luminance available for the blue light used for all the stimuli,
the intensity range would have been greatly restricted. For this reason,
maximum luminances which were rounded multiples of the highest blue
luminance were used. These luminances were : red, 60; yellow and green,
120; and blue, 30 (in cd/m1 ).

After testing various viewing and matching strategies, the
following procedure was adopted. A series of neutral density filters
(Wratten 96) in steps of 0.6 density {(factor of 4X in luminance) were
placed before the eye at the position of the prisms. For the experiments
reported here, the field to one eye was kept constant at the highest
intensity and the 0.6 density steps were successively placed before the
other eye. After inspecting the stimulus fields, the observer was
required to choose -one side or the other to which to add white light in
order for the apparent saturation of the fields to match. The question
to be answered which dictated the choice of which button to push was "to
which side, the bright side or the dim side, must I add white light to
make it appear more like the other side?". After making this choice and
pressing the appropriate button, the observer altered the colorimetric
purity of the chosen side by rolling the track ball. As noted, the

luminance was automatically held constant during this adjustment. After
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making three settings, the luminance of the variable side was decreased
again by a factor of 4X and the procedure repeated until the variable
field became so dim that the observer was unable to continue. Upon
completion of a run, the filters before the eyes were reversed and a
second run made in order to counterbalance any effects due either to
asymmetry between an observer's eyes, or possible asymmetries in the
apparatus. Data from the two runs were averaged.
IV. RESULTS

Figure 2 shows the results for observer CI for 4 colors for an
intensity range of 64:1. For all colors except Elue, decreasing tﬁe
luminance of the field produced the judgment that, in order to make the
fields match for whiteness content, that white light must be added to
the dimmer field. Operétionally, this means that the dimmer field must
appear more, rather than less, saturated. This 1is the opposite of Hunt's
result.

V. DISCUSSION AND CONCLUSIOMS

The results obtained must be interpreted with caution. These
results are interim results; the study was not completed because of time
limitations. The present findings must be replicated using at least a
second observer (although we note that Hunt's results are based on a
single observer; Onley and Ingling's results on two observers). Most
important, however, a white surround must be added to the stimulus
fields in order to replicate Hunt's conditions. Until this is done,
speculation as to the reasons for the opposite results obtained in the
two studies would not appear profitable.

VI. RECOMMENDATIONS

a) The study should be completed. It is anticipated that when

completed, the results will be of significancce both practically and
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theoretically; In fhe practical domain of color appearance, all color
specification schemes -- e.g., the Munsell, the OSA Uniform Color
Scales, etc. -- exhibit a relationship between the reflectance and the
purity of the saturation of the samples that define the space. See, for
example, Hunt (1955) who notes the relationshsip betweeen saturation and
lightness in color space. The contradiction being studied here points to
a revision of the concept of saturation, at least to its identif'ication
with whiteness content. The problem seems to be that the dimmer stimulus
appears to have greatef "blackness content"; this leads to the
paradoxical situation in which it is simultaneously less saturated,
because of the dilution of the hue with black, but also requiring that
white be added to cancel the blackness and thus make 1t appear more
nearly similar to a brighter light, implying that it is more saturated,
rather than less.

At a theoreticél level, the results of the research promise to
contribute to a theory of the relative gain factors for the achromatic

and chromatic, or whiteness and hue, channels of opponent-color models.

In fact, Hunt was led, almost presciently, to propose a whiteness or
actiromatic channel to account for his results well before the widespread
vogue of opponent models in color vision.

b) Follow-on research: As recommended above, the study should be
completed. This requires (i) finishing the replication of the conditions
which simulate Onley and Ingling's lost study; (ii) adding the white
surrounds, and (iii) if necessary, controlling the femporal sequence of
the stimulus presentations, and finally, (iv) accounting for the results
theoretically. This latter point promises to be somewhat of a challenge,
inasmuch as it is certainly a strong possibility that the major, and

contradictory, results of both studies will be confirmed.
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FIGURE CAPTIONS
Figure 1. Schematic of apparatus. Each of the observer's eyes viewed
half the field, which fuéed to a bipartite matching field. The neutral
density dimmed one side of the field. The observer added white (at
constant luminance) to whichever side appeared the more saturated in

order to match the fields for apparent saturation.

Figure 2. The CIE 1976 UCS chromaticity diagram showing the gamut of
chromaticities available on the CRT. The points closest to the spectral
locus shows the chromaticities of the red, yellow, green and blue lights
used in the experiment. Also shown are the chromaticities of stimuli
which appeared to match the saturation of the standard lights when the
standard lights were dimmed by the densities indicated next to the
points. The saturation of the lights was varied by moving them along the

line connecting their dominant wavelengths wiyfh the D 65 white.
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ANALYSIS OF MI AINT AND COLORED PETRI NETS
AS MODELING TECHNIQUE
by
Charles D. Kincaid
ABSTRACT

Tlﬁs paper describes and evaluates two modeling techniques: Task
Network theory using MicroSaint, and Colored Petri Nets using Design/CPN.

Both the concepts and the applications are analyzed to explore differences
between the techniques. Enhancements are suggested for each technique
that would expand its modeling capabilities. Finally, types of systems are
described that would be most appropriate for each technique.
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I. INTRODUCTION:

Simulation is an essential tool in research and analysis of systems. Much
work has been done to expand the power of simulation tools to model more
complex systems. Modeling complex systems which integrate human and
machine performance is an ongoing activity at the Human Engineering
Division of Armstrong Aerospace Medical Research Laboratory. Colored
Petri Nets, first introduced as Condition/Event Nets by Carl Adam Petri (5),
are seen as a possible alternative to standard discrete-event system
simulation in certain situations by modelers in the laboratory (11). Thus, it
was desired to evaluate colored petri nets vs task network modeling and
determine which simulation tool would be most appropriate based on the type
of system to be studied.

My background includes a Bachelor's in Computer Science and a Master's
in Statistics. "Applying Queuing Theory to a Fixed que Traffic
Intersection” was the topic of my Master's Report. For the past two years I
have been teaching a simulation class to computer science undergraduates at

the University of Florida.
II. OBJECTIVES OF THE RESEARCH EFFORT:

The objective was simply to evaluate the two techniques to determine
what, if any, advantages one had over the other. From this evaluation
appropriate areas of applications would be identified. The best way to
evaluate two modeling techniques is to implement them on the same system.

Therefore the short-term objectives were as follows:

1. Define the system -- the system needed to be complex enough to
test the full capabilities of the modeling technique, yet, at the
same time, it needed to be simple enough so that implementing
the model was not overwhelming;

2. Implement and run the system in both techniques -- from this a
one to one comparison could be made of the different features of
the techniques;

3. Analyze the results -- a majority of the time the output is the goal
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of the simulation. A variety of appropriate statistical methods
would be applied to the results.

As we shall see only the first two short-term objectives were completely
realized.

The analysis will be made on two levels: Concept and Application. The
concept level is composed of the ideas underlying the techniques. The tools
that make these ideas available to the user make up the application level.

The dividing line between these two levels is often hard to draw. One must
resist the temptation to combine the levels into ohe, since a poor application
could obscure any distinctive features of the underlying ideas.

The criteria used to evaluate the two techniques are

For Concept
: 1. Ease of learning,
2. Ease of use/implementation,
3. Power/Robustness of technique.

For Application
1. Ease oflearning,
2. Ease of use/implementation,
3. Type, format and quality of information returned
from simulation.

ITI. RESULTS:
Models

Two systems were chosen to test task networks and colored petri nets.
The first is a simple task found in all business offices, producing letters. This
was chosen as a straightforward example of a discrete-event stochastic
system. In this office there are two bosses who write letters and there are
two secretaries who type letters. Either secretary can type either bosses
letters. When a letter is sent to the secretaries to be typed, but the
secretaries are both busy, the letter waits in a basket until one of the
secretaries is done. Fig. 1 shows an SADT representation of this model.

The features of this model that would make it appropriate are
probabilistic times at each task, a necessary queue between the tasks, and
appropriate response variables such as secretary utilization and letter wait
time. The system is not multi-level, does not have any feedback loops, and
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does not have enough activities to adequately explore system interaction.

Write
letter
11 > Letters e -
|
deas Al
Type
A > Letters » O1
M1 A2 Mail
Bosses T
M2
Secretaries

Fig. 1 Abbreviated SADT diagram of the office model

The second system is a student enrollment and registration. This model
has all of the features of the Office model plus those that the office model
does not have. There are nine activities: Make Tentative Schedule, Get
Advisor's Approval, Check Closed Class List, Check In For Registration,
Check Fines, Enroll In Classes, Pay Fees, Validate ID Card, and Pay Fines.
This model will certainly explore the limits of the techniques better than the
office model. Unfortunately, because of limited time this model is not
implemented in Design/CPN. However, the knowledge gained from the Office
model about colored petri nets and Design/CPN is sufficient to predict the

major results of implementing the Registration model.
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Analysis
Introduction to Colored Petri Nets

Task networks and queuing theory are extensively used ideas and, as
such, there is a large amount of literature available. Therefore these ideas
will not be reviewed here. Colored Petri Nets, on the other hand, are
relatively new and a brief introduction is needed.

There are four primary parts to a colored petri net (CPN):

1. Places -- each place may hold tokens that it has received from
other places via transitions. The places represent the states
of the system and are drawn as ellipses.

2. Transitions -- each transition receives tokens from one or
more places, possibly acts upon the tokens and then sends
them to other places. The transitions represent the activities
of the system and are drawn as rectangles.

3. Arcs -- arcs connect the places and transitions together and
allow tokens to travel among them.

4. Tokens -- tokens move from place to place via transitions and
along the arcs. Tokens may represent anything: people,
information, goods, ideas, etc. In colored petri nets the
tokens have 'colors' that can uniquely identify each token.
The colors generally represent the type of object that is being
moved. For example, in the office system, tokens might be
'boss1’ and 'secl' to represent the first boss and the first
secretary, respectively.
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water
Water

Type caf

\ - rew
g Coffee

coffee Coffee Cup

Type

status color Water = unit with water;
color Type = with caf|decaf;
var grounds,coffee:Type;

Coffee Pot
color Status = with freelin use;

Status
free var status:Status;

Fig 2. Colored Petri Net of Making Coffee Systefn

Fig 6. shows a simple CPN for making coffee. The italicized words are the
color types for places and the bold underlined words are the initial markings.
The place Faucet initially holds one token colored 'water’. Coffee can holds
regular (‘caf’) coffee grounds and the status of the Coffee Pot is 'free'. If at
least one token resides at all three places then the transition Brew Coffee can
fire. This would mean that the three tokens would move through Brew
Coffee to Coffee Cup. In this case the three tokens would actually be
consumed and a new token 'coffee’ would be outputted to Coffee Cup. This
token's value, either 'caf or 'decaf, would, presumably, depend on the value of
'‘grounds’.

There are many other rules and features of CPN. Some of these will be
discussed below as needed. For a deeper discussion see references 1-4. There
are also other kinds of petri nets differing in how the basic petri net design is
extended. Some examples are stochastic, timed, attributed, petri nets
(STAPN) (6) and generalized, stochastic petri nets (12).

Analysis of Concept

There has been previous work that outlines the requirements that a

modeling technique should have. For example,
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"GOALS OF THE HUMAN PERFORMANCE MODELING LANGUAGE
(HPML)

2.1 The objective of the HPML is to facilitate the development of models
to predict human performance and workload in man-machine
systems.

2.2 The HPML should be able to accommodate models based on
empirical data and/or models based on theory.

2.3 The HPML should accommodate any

- Workload metric
- Performance metric
- Decision making model

2.4 The HPML should accommodate a variety of human information

processing viewpoints, e.g.,
- Parallel processing
- single channel, sequential tasks

2.5 The HPML should be simple to comprehend.

2.6 The HPML should encourage, if not enforce, top-down modeling.

2.7 The HPML should support models for a wide variety of situations,

e.g., from mission-level crew modeling to low-level interactions with

equipment.

The HPML should be capable of modeling multi-person crews.

The HPML should operate in closed-loop and open-loop modes (i.e.,

where it can and cannot influence the (model of the) human's

environment). (Valerie Gawron, Calspan Corp)"

Do
to

With respect to such criteria both task network/queuing theory (TNQ) and
colored petri nets (CPN) do well. Since the techniques are similar in their
purpose their end result will also be similar.

This similarity comes across in learning the techniques. The basic idea of
each is simple -- a network moving entities. The deeper parts of queuing -
theory may take longer to comprehend, but this is regardless of the technique
used.

There is an initial difficulty in learning CPN ML, the language for
programming CPN's, since it is a functional programming language. This
difficulty is only because structured programming is the norm whereas
functional programming is not.

Once the user is comfortable with both the theory and the network, then
using each technique to model a system is straightforward. This is even more

true when Structured Analysis and Design Techniques (SADT, also known as
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IDEFO) is the front-end. The difficult work of actually defining the system
and creating the network is done in IDEFO. After this the translation to TNQ

and CPN can be easily done.

At this time neither TNQ's nor CPN's have a clear advantage in terms of
the power of the technique. The local definition of power is the ability of the
technique to model real-world systems. ‘

For example, time is inseparable from systems in the real world and,
therefore, a necessary part of any modeling technique. TNQ incorporates
time in either a deterministic or probabilistic manner. CPN, on the other
hand, does not incorporate a mechanism for time. The changes in states are
considered to be ‘out of time'. There are two crude ways to implement time in
CPN's, neither of which is adequate. First, the firing of the transitions can be
considered as measure of time. After all the enabled transitions fire, one
unit of time can be considered to have passed.' This is not realistic as it does
not allow for transitions taking differing amounts of time. Second, each
token can have a time counter as part of its color. Then a guard on the
transitions would only allow them to fire when the timing is correct. This
method quickly gives rise to the idea of a system clock and an event queue,
two important features of TNQ's.  Unfortunately, for the clock to
communicate with each transition it must be connected by an arc. This soon
becomes very unwieldy and not worth the trouble. A system clock must
somehow be included, but not in this overly complex manner.

The stochastic (even chaotic) property of the real world can be modeled
quite easily in TNQ's using random draws from appropriate probability
distributions. Again, this could easily be included in CPN's but is not at the
present time.

An important advantage of CPN's over TNQ's is the color for the tokens.
Color is an abstract data type that provides another level of representation
to the entities that pass through the system. TNQ's generally represent
entities through counts. We may know that there are five letters waiting to
be typed, but we do not know what the letters say or which boss they are
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from. This information can easily be represented by the color in CPN.
Further, the action to be taken at a transition.can be dependent on the
information. For example, suppose that only one secretary in the Office
model has a classified security clearance. When a letter is sent to the
secretaries the color of the letter could include the type, i.e. classified or
unclassified. Ifit is classified, then only when the classified secretary is free
can the letter be typed. Otherwise either secretary can type the letter. This
distinction is much easier to implement in a CPN than in a TNQ because of
the color.

Color provides more power for representing different aspects of a system
or even different types of systems. For example, suppose a computer system
is modeled and the tokens represent the programs sent by various users.
Each program requires certain resources. One token carries the entire
program as a color. When the token reaches the place representing the CPU
the color is processed, as a list, for example, and the resources requested.
When all the resources become available to the CPU the next transition is
enabled and may fire.

Even more power is available to the user through the hierarchical
inheritance feature of colors. Two colors can be created separately then
combined into one new color which will inherit the properties of both original
ones. For example, suppose the people in the Office model are listed in an

employee database. The database structure could be defined as

color Name = string; color Position = string;
color Number = int; color Salary = int;
color Clearance = classified | unclassified;
color Employee = product Name * Position * Number

* Salary * Clearance;
color Employ_list = list of Employee;

Each level of Employ_list has all the attributes/colors of every level below
it and all levels are accessible to the CPN in a very simple manner. The
entire database can be sent from place to place with a token whose color is

Employ_list. At some point it will be necessary to act upon an individual's
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records. A new token can be created whose color is Employee and whose
values come from the database. If the person's name and clearance are
needed for another activity these can be copied onto a brand new token and
sent to a different place. Therefore, color allows more abstractly complex
systems to be modeled in a straightforward manner.

Both TNQ's and CPN's are mathematically analyzable. There is a good
deal of literature on TNQ's dealing with their mathematical properties. Also,
under certain restrictive conditions TNQ's can be of the class possessing a
'‘product-form' solution (15). For this class of networks, well-known and
efficient solution algorithms exist (16). |

CPN's can also be analyzed mathematically. The nets can be translated
into colored petri matrices from which linear system invariants can be
calculated, structural properties (which are known to imply behavioral
properties) can be checked, and reduced nets derived (1). These abilities
allow the user to understand the system in certain ways without actually
simulating the system:.

In summary, TNQ's have time and probability built into their theory
which provides TNQ's with a major, but not uncorrectable, advantage over
CPN's. On the other hand, the power and flexibility of color in CPN elevates
this technique to a level of real-world representation that TNQ's can not

have.

Analysis of Application

Concepts can be beautiful and powerful by themselves, but often they
need to be applied to actual real-world problems to be useful. At this point
the two applications, MicroSaint 3.2 and Design/CPN 1.1, will be analyzed
for their respective advantages. In many ways it is unfair to compare the
applications. MicroSaint is at least five years old, while Design/CPN just
came out this year. But if this is kept in mind then an analysis can prove
fruitful.

MicroSaint makes it very easy for the user to learn its product. The

documentation is clear and easy to understand and includes a step by step
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tutorial. The online help function makes the manual virtually unnecessary
once the initial ideas are understood. The classes that MicroSaint offers are
well managed and very informative. A wide variety of simple systems are
built during the class that introduce most of the techniques that the everyday
user will require. MicroSaint uses a language reminiscent of Pascal to define
the model. Since Pascal is a very common language learning MicroSaint's
structure is, again, very straightforward.

Alternatively, Design/CPN has taken a very long time to learn. The
documentation is often unclear and incomplete and was certainly not meant
as a tutorial. However, the telephone support service makes up for this by
quickly and completely answering questions. Design/CPN uses CPN ML,
which is an expanded version of Standard Meta Language which was created
by the University of Edinburgh (9-10, 18), to program the system. Since SML
is a functional programming language it is generally not used by the common
modeler. Even the style of programming is much different than that of a
structured programming language. This makes the startup time for using
Design/CPN even longer. However, functional programming is necessary to
take full advantage of the capébilities of CPN's. Fortunately, it is not
necessary to learn the entire repertoire of ML and once the appropriate
subset is identified learning CPN ML will be faster. The method for
implementing CPN's is actually not very difficult. After a user bears the
initial burden of learning the system, subsequent modelers drawing upon the
experience will find it much easier to learn Design/CPN.

As mentioned before, using SADT to define the system under study
greatly facilitates the use of both MicroSaint and Design/CPN. MicroSaint
does not have a front-end facility that translates directly from SADT to
MicroSaint. (Saint, the mainframe version and predecessor of MicroSaint,
does have the "Generic Systems Analyst Workstation (GENSAW)" tool that
does have SADT as a front-end analysis tool to define the system (17)). This
lack is a minor disadvantage for MicroSaint, since it allows the user to build
models piecemeal. One can certainly define the system using SADT and then

use the structure to create the MicroSaint model, but the extra work involved
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will discourage many people from this procedure.

Design/CPN does have an SADT package as a front-end tool called
Design/IDEF (8). Design/IDEF was created by the same company who
created Design/CPN. A system can be diagramed in Design/IDEF, the
behavioral aspects added via CPN ML and then translated into Design/CPN.
As a finished product this procedure will be very useful to modelers. As it is
it needs a lot of work. There are some steps that are tedious, such as saving
and loading text to create a global declaration node. Fortunately, these are
only temporary until a new version of the package comes out.

In terms of application features that are of interest to the modeler,
MicroSaint is more powerful than Design/CPN. This is a reflection of the
concepts that the packages are built on. MicroSaint has a system clock,
methods for generating task times from a variety of probability distributions,
and strong control of which tasks are executed after the current one is
complete. Unfortunately, Design/CPN has none of these.

MicroSaint has strong output facilities and even built in analysis tools.
All of the standard information desired by modelers is available through the
snapsﬁot and trace facilities. MicroSaint has very fast execution, especially
in the no display mode. The model can also be viewed in animation mode.
Depending on the structure, parts of the model can be displayed on the
screen; the entities are shown traveling from task to task and even building
up in queues. Animation mode is very useful for debugging or demonstration
purposes.

Because CPN ML is based on a functional programming language, output
from Design/CPN is very poor, almost nonexistent. Every output statement
must be explicitly stated by the user. All information must be converted to
string before it can be sent to an output file which makes the statements very
long and complicated. Since almost every use of simulation requires
information from the system, poor output capabilities make Design/CPN a
nonfunctional modeling tool until this lack is overcome. Also, CPN ML is an
interpretive language and many graphic fields updated at each step,
including unnecessary ones. These two factors make Design/CPN a very slow
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package to run; too slow for large simulations to be feasible.

In summary, MicroSaint is a much more capable tool for the everyday
modeler at this time. But again, this advantage is solely because MicroSaint
is more mature than Design/CPN.

IV. RECOMMENDATIONS

There are three areas which these recommendations will address. The
first is recommendations on the enhancements which should be implemented
in task network/queuing theory, colored petri nets and their respective
applications. The second area is recommendations for appropriate uses for
each technique. The final area is in the research that should be done to build

on these results.

Enhancements

The changes that should be made in task network/queuing theory and
colored petri nets would essentially make them mirror images of each other.
Some authors have already discussed combining the two techniques to better
model many systems (13). CPN's desperately need a system clock,
probability functions and vastly improved output. Until these are
incorporated, most real-world systems can not be modeled. These features
are not unheard of in the petri net world. There are many articles dealing
with stochastic timed petri nets in one form or another (e.g. 6,12). None of
these include color as part of the net, but many do state the problems of
complexity, etc. that color was designed to overcome.

One of the possible and valuable enhancements to Design/CPN- is the
ability of dynamic programming. Dynamic programming is already possible
in ML and thus not too difficult for Design/CPN. The means for achieving
this end would be the addition of another type called CPNET.

CPNET would be a sub-net. Variables would be declared of this type that
could then be used in the main net. The sub-net must follow the hierarchy

requirements that are in place now, but once these are met anything could be
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done. For example, suppose that we had the net shown in Fig 4 designed to

cook a meal.

Menu Menu

Select Menu Buy groceriesf—<,
- store ))'

(Menu,groceries)

Kitchen

: (Prepared food) :
(Menu,groceriss) | Cook Meal l?rlggleer

Fig 3. Colored Petri Net for Cooking a Meal.

In this model the transitions 'Buy groceries' and 'Cook Meal' would
obviously be invocation transitions and, just as obviously, the actual
structure of the sub-net would depend on the type of meal. Let the variable
'Menu' be a tuple defined as .

color Attributes = string;

color Meal = list of Attributes;

color Recipe = CPNET;

color Ingredients = CPNET;

color Menu = product of Meal*Recipe*Ingredients;
var menu : Menu;

Ingredients and Recipe are both sub-nets, as noted by the color CPNET,
that would be used in the next lowest level of 'Buy groceries' and 'Cook Meal',
respectively. These sub-nets would include transitions such as 'go to
dairy','go to deli', and 'go to meats' or 'boil’, 'bake’, and 'fry'.

If a brand new Meal were selected that did not have a Recipe and
Ingredients net, then 'Select Menu' would recognize this fact. It would
compare the attributes of the new Meal to the current Meals and select the
closest Ingredients and Recipe modifying them as appropriate. For example,
one night creamed corn might be served rather than green beans. The

attributes for both could be [vegetable,hot,canned]. In this case no new
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information is needed.

However, suppose that instead of baked potatoes, boiled potatoes were
wanted and this was new to the model. If baked potatoes matched ’up the
best with boiled potatoes the model would copy the baked potatoes recipe and
ingredients to sub-nets for boiled potatoes. Keying on boiled the model would
substitute the 'boil' transition for 'bake’ in the Recipe sub-net. Again, this
could all be done in the 'Select Menu' transition.

Now suppose that a poor substitution was made and the goal of a well-
cooked meal was not met. The model would somehow identify possible
problems, such as time of cooking, amount of spices, etc.. These could then be
adjusted until it could make a well-cooked meal.

In summary, color is a powerful tool that can allow CPN's to better
represent real-world systems, especially with the sub-net enhancements
described above. If time and probability were incorporated into the theory
then CPN's would be very formidable indeed. _

To make TNQ's more versatile a data structure similar to the color fouﬁd
in CPN's is necessary. Techniques for handling color, such as decomposing
and aggregating colors, should also be incorporated. This will probably be a
more difficult enhancement to make than those for CPN's. The current data
handling in tools like MicroSaint is not compatible with color. Therefore, the
tools would need to be completely reworked. Otherwise, TNQ's and

MicroSaint are very efficient now in modeling real-world systems.

Appropriate Uses

As has been mentioned, there are many disparities between TNQ's and
CPN's and, thus, the type of systems that each should be used to model are
quite different. TNQ's can model most of the traditional discrete-event
stochastic systems of interest. CPN's on the other hand can not and should
not at this time model systems that rely on time or probability. Although
they can model systems with complex data structures, such as lists and
databases, very easily, much easier than TNQ's.

Once the enhancements to TNQ's and CPN's that are recommended above
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have been made then the two techniques will be essentially the same. There
will be minor underlying differences, but the ability of the techniques to
model systems will be equivalent. Each will be able to model any real-world

system currently of interest.

Future Research
Most of the systems that are of interest today are based on the discrete-

event stochastic simulation paradigm. As research is conducted in other
areas such as decision-making processes new paradigms may arise. It is
important that the simulation tools keep up with new thought. Therefore,
modeling research should be closely coordinated with the theoretical research
in these other areas. There has been discussion on the level at which time
that needs to be incorporated into models. Many interesting systems may

come from research on this topic.

V. CONCLUSIONS:

In conclusion, I feel that at this time task network/queuing theory is the
technique to use when modeling real-world systems. The tool I would
recommend to the everyday user is MicroSaint. Yet, in a year or two, when
colored petri nets are expanded to include time and probability, and faster,
more capable versions of Design/CPN are released, then I think that colored

petri nets will become a very powerful modeling technique.
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Abstract

Ultrastructural and biochemical aspects of damage to the kidney tubular
epithelium have been studieq in relation to nephrotoxic fuels and hydraulic
fluids of military interest. Both routine and novel aspects of the onset and
regeneration of tubular ultrastructural lesions have been correlated with
biochemical mechanisms of tubular damage; in particular the peritubular
basement membrane. Much of the proposed investigation has been derived from
ongoing protocols underway at the Toxic Hazards Division of the Armstrong
Aerospace Medical Research Laboratory, Wright Patterson Air Force Base. The
results are applicable to basic science and medicine as well as applied to

military toxicology.
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I. Introduction

Due to its unique structure and function the kidney is a critical
target organ of great sensitivity to a wide variety of toxic substances
including occupational-environmental substances of military interest.
The Air Force and Navy have conducted studies including the nephrotoxic
hazard of fuels, fire retardants and hydraulic fluids for more than 10
years using generally accepted routine procedures (Bruner, 1984; Bruner
& Pitts, 1983; Kinkeod et al., 1987; Mattie et al, 1986, Norton et al.,
19853 Norton & Mattie, 1987). Existing methods of renal toxicology and

pathology in animals and humans are insensitive and far from definitive
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(see below). Moreover, basic nephrotoxic mechanisms are not well

understood. Current in vivo methods in toxicology suffer from a

variety of well known scientific, economic and administrative problems.

The development of in vitro methods with which to study toxic mechanisms
and risk assessment is a high national priority in all fields of
toxicology. Considerable gaps remain in present understanding of two
aspects of tubular injury. (a) What is the biochemical-cellular basis
for the irreversible disruption of tubular conduit structure and
resultant permanent loss of the nephron? (b) How can this process be
recognized as a predictive sublethal ultrastructural lesion in animal
models, and how does tubular pathogenesis correlate with customary
functional parameters routinely employed in clinical chemistry?

Several factors conspire to render the tubular epithelial cell
population extremely sensitive to a wide variety of therapeutic and
environmental-occupational agents. The transport function of the
kidney epithelium requires very large amounts of energy as evidenced by
prominent and numerous mitochondria; thus it is particularly sensitive
to metabolic disruption of glycolysis or respiration. The kidney
contains a high activity of drug metabolizing enzyme systems; these can
produce reactive intermediates which cause macromolecular damage in
various cell structures including membranes. The kidney receives 20%
of the cardiac output which delivers large amounts of blood-borne
toxicants. However, the most significant contribution to renal
sensitivity is the result of the very function of the kidney:
concentration. Because 99.5% of the water is reabsorbed, the potential
concentrating effect or exposure to nonreabsorbed toxicants is 200
fold. Thus, the tubular epithelium is frequently the limiting organ of

exposure to agents which only slightly damage other tissues. A major
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II.

methodological obstacle in the evaluation of renal toxicity is the
large reserve of excess nephrons in the young mammal. Normal renal
function can be maintained with only one half of one kidney remaining.
Thus, 75% of nephrons must be destroyed before damage is systemically

manifest.

Objectives of the research effort (preliminary results and proposed

research)

A. Examination of kidney structural lesions caused by fuels and
hydraulic fluids by scanning and transmission electron microscopy.
Without compromising ongoing and planned protocols, kidneys from
the identical rats exposed to nephrotoxic fuels and hydraulic
fluids will be further examined using transmission and scanning
electron microscopy. All lesions of glomerulus, tubule,
vasculature and interstitium will be studiéd. Additional animals
will also be exposed to compounds which prove to be of further
interest. Resulting information on kidney toxicity of fuels and
hydraulic fluids will be correlated with and provided to the
general pool of information presently sought by the Air Force
independent of this proposal. Conversely, the general toxicity
data from ongoing and completed protocols will be of value to the
novel basic information of this proposal.

B. tructural examination of the peritubular basement membrane in
relation to tubular injury. In addition to all routine pathogenic
lesions the degradation of the peritubular basement membrane (basal
lamina) will be more closely examined by transmission and scanning
electron microscopy. This phenomenon has been neglected in basic

and applied renal pathology, however the lesion appears to be of
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potential diagnostic value. Studies will attempt to correlate the
ultrastructurél appearance of the degraded peritubular basement
membrane with tubular dysfunction and degeneration and systemic
toxicology. It is hoped that this will contribute to a description
of a diagnostic lesion by which a threshold of irreversible tubular
damage and loss can be more accurately recognized and assessed at
the ultra—- structural level. Determination of the threshold of
irreversible peritubular damage and nephron loss is fundamental to
the estimation of a threshold of tolerable exposure.

Biochemical mechanisms of the enzymatic degradation of the
peritubular basement membrane. The biochemical mechanisms of the

injurious enzymatic degradation of the peritubular basal lamina
will also be studied using the isolated perfused kidney. In the
perfused organ the release of proteolytic and other degradative
enzymes from the tubular epithelial cells will be characterized in
relation to simultaneous tubular cell injury and basement membrane
degradation. Release of degradative enzymes will be correlated
with functional parameters of the preparation and ultrastructural
examination. A description of the biochemical pathophysiologic
mechanism of peritubular basement membrane degradation will
contribute to an understanding of the mechanism of irreversible
nephron loss after toxic exposure.

The novel basic and applied aspects of the present proposal
will be published in the open literature of reputable journals of
civilian professional societies (e.g., Lockwood and Bosmann, 1979a,
1979b3 Hull and‘Lockwood, 1985). Aécordingly, quality control will

be of standards acceptable for ongoing research of the laboratory.
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Continuing consultation will be sought from laboratory personnel;
collaborative effort is welcome.

Preliminary results assuring the outcome of the proposed
research have been developed by the applicant at the Aerospace
Medical Research Laboratory at WPAFB while a guest under the summer
faculty research program (administered under contract by Universal
Energy Systems, Inc.). Additional background results using the
isolated perfused kidney were developed independently in the
laboratory of the principle investigator. Related research in
renal toxicology by the applicant has been previously described

(Lockwood and Bosmann 1979a, 1979b).

III. Approach
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A. Description of the structural sequence of events in the degradation

of the peritubular basement membrane in relation to tubular injury

and regeneration from nephrotoxins of military interest. The

phenomena diagrammed here (see Fig. 1) have not been well described
at the ultrastructural level. Preliminary results with electron
microscopy have already demonstrated relevant features of the
normal and degraded basement membrane. This electron microscopy
will be continued this year at the Toxic Hazards Laboratory

facility. Photographs already obtained cannot be reproduced here.
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B. Biochemical mechanism f kidn from nephrotoxi om
the use of the isplate rfused kidney in in vitro toxicologi

investigations. The use of the isolated perfused kidney to study
the normal and pathogenic increased release of kidney degradative
enzymes into urine and the renal interstitial space and lymphatic
system is diagrammed (see Fig. 2-4 and Lockwood and Bosmann, 1979).
These diagrams summarize data indicating that there are two
distinct lysosomal systems in kidney epithelial cells: the apical

and basal. Our unpublished data from the isolated perfused kidney
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Iv.

{(shown below) indicated that lysosomal degradative enzymes are
normally released from the uninjured kidney only into the tubular
lumen and urine. They are not normally released across the basal
lamina. Hypothesis: after tubular cell injury we hypothesize that
the normal system might work pathogenically: the massive extracell
enzyme release might explain proteolytic and glycosidolytic
degradation of the peritubular basal lamina to which cells normally
adhere. If severe, such degradation prevents regeneration of a
continuous cell monolayer after remaining cells proliferate
following tubular injury. Thus far, we have simulated tubular cell
toxic injury by perfusion of the kidney without its energy source,
glucose. When the kidney becomes injured, tubular epithelial cells
release their high amount of degradative enzymes from the basal
portion of the cell where they can be rapidly detected in the
circulating perfusate of the isolated perfused kidney preparation.
This enzyme release presumably explains the degradation of the
peritubular basement membrane observed approximately 1 day after
tubular injury. This preparation might find application as an in
vitro tool in toxicology with which to investigate compounds of
military interest.

Preliminary results with scanning electron microscopy have

demonstrated the feasibility of the elucidation of the diagrammed

lesion.

Recommendations

The objectives, approach and preliminary findings will be pursued

at the Toxic Hazards Lab, WPAFB. Dayton, OH and in the laboratory of

127-10




the principle investigator at the School of Medicine, Wright State

University. A research initiation proposal is being submitted.
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Heart Rate and Other Cardio&ascular Parameters as

Meésures of Mental Effort

by

Lewis M. Lutton
Abstract

The recognition and measurement of fluctuating levels of
mental effort and fatigue in pilots is of great value to the
Air Force. The testing of cockpit efficiency, the training
of new pilots, the analysis of the multiple tasks required
of pilots or the monitoring of pilots on long range missions
all benefit from an awareness of the state of pilot
alertness and mental stress. Since it is not possible to
fully rely upon the pilot's subjective impressions of these
parameters some physiological measures of them are
desirable. This paper discusses the value of heart rate and
heart rate variability as such measures.

In general, heart rate and heart rate variability are
excellent qualitative measures of mental workload even
though problems like individual variation, differential
responses to different tasks and the roles of circadian and
ultradian rhythms need to be investigated. Furthermore,
these parameters need to be supplemented with other
physiological parameters as is the goal of the PAT system
used by the Ergonomics and Workload Branch of HEG at AAMRL.
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I. INTRODUCTION:

The Workload and Ergonomics Branch of the Human Engineering
Division of AAMRL focuses on the measurement of mental
effort as it relates to a variety of pilot tasks or states.
Taking a broad approach to their responsibilities these
reseachers monitor pilots in flight, flight simulators and
the laboratory, where they also study civilian subjects.
They measure performance levels 6n a wide range of workload
assessment tasks which involve spatial orientation,
linguistic and perceptual problems and they monitor the
internal state of their subjects by a variety of
physiological measures including heart rate, heart rate
variability, electroencephalography, magnetoencephalography

and eye blink.

The precise value of these physiological parameters for the
measurement of mental workload, however, is still being
investigated. 1Indeed, both the qualitative and the
quantitative role of these measures is still unclear largely
because of the many physiological factors which can affect
them in the body. Consequently, it would seem wise for
those who are trying to use these measures to gain as full
an appreciation of their overall physiological background as

possible.

For this reason I was invited to join the Workload and
Ergonomecs Branch to give my input as a physiologist to the
work which they are conducting. I am a broadly trained
biologist with primary interests in the area of physiology
and behavior. My research involves pharmacological
influences on circadian rhythms and I teach courses in
animal physiology, the biology of behavior and human
exercise physiology. With this background I have developed
a keen interest in the physiological aspects of human
performance problems such as those with which the Workload

and Ergonomics Branch is faced.
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II. OBJECTIVES OF THE RESEARCH EFFORT

This paper is my assessment of the use of two of the
aforementioned parameters, heart rate and heart rate
variability, as measures of mental workload. Other ‘
physiological parameters such as respiratory rate, eye blink
and evoked potentials in EEG's are discussed only briefly.
The focus of the_paper is upon an analysis of the
physiological control of heart rate as it relates to mental
workload and a discussion of the physiological bases of
"mental workload".

The final goal of this paper is to use the ideas which are
developed to suggest further research objectives for the
Workload and Ergonomics Branch of HEG/AAMRL and for myself
at Mercyhurst College. It is expected that the latter will
be developed into a grant request for the AFOSR Research
Initiation Program.

IITI. APPROACH

Since the primary goal of this effort was to evaluate the
physiological nature of the orientation and assumptions of
the research being done in the Workload and Ergonomics
Branch of HEG, no actual experimental research was
conducted. Rather, the ideas of this paper were developed
through discussion with my colleagues in this research group
and through extensive readings of primary and secondary
research literature.

In addition, the members of our laboratory held a conference
which was attended by eight internationally known
researchers who study the psychophysiological assessment of
mental workload, especially the utilization of heart rate
and heart rate variability. Formal and informal discussions
Wwith the participants of this workshop also helped to

develop the ideas presented in this paper.
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Finally, so that I could gain a better understanding of the
needs and requirements of the Workload and Ergonomics
research group, I obéerved their experimental procedures and
served as a preliminary subject for an experiment that was
being conducted this summer. These activities have helped
clarify my understanding of the requirements for any related

research I conduct at Mercyhurst College.

IV: RESULTS: GENERAL BACKGROUND

The use of heart rate, HR, as a measure of physical activity
is well established and relatively simple linear
correlations between levels of HR and physical effort have
been observed over a wide range of workloads (McArdle, Katch
and Katch, 1986, p. 82). Numerous studies have also shown
that HR can also be a valuable physiological indicator of
mental workload. Although a quantitative relationship has
not been established between HR and mental effort, some
predictable qualitative results have been found (Wilson &
O'Donnell, 1988).

Heart rate variability, HRV, which is the beat to beat
fluctuation in heart rate and is also known as sinus
arrhythmia, has been shown to fluctuate, generally
decreasing with mental workload (Wilson & O'Donnell, 1988).
Again, however, the precise nature of this relationship with
respect to such factors as the level of response, the type
of work which elicits a predictable response or why subjects

respond differently has not been established.

There seem to be three major reasons why these parameters
have not proved to be clearcut quantitative indicators of
mental workload. The first reason is due to the complexity
of HR control. The heart is controlled neurally, hormonally
and by intrinsic mechanisms. The neural control involves
both branches of the autonomic nervous system, ANS, the

parasympathetic NS which decreases HR via the vagus nerve
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and the sympathetic NS which increases HR and stroke volume.
Another complicating factor is that the ANS typically
responds to any type of stress (physical, emotional or
mental) so that it is difficult to determine what is causing
a change in ANS activity. In fact some stimuli cause an
immediate increase in HR, the startle reflex (SR) while
others course a immediate decrease, the orientation reflex
(OR).

The second difficulty involves the variety of factors which
are thought to influence HRV. HRV occurs at three broad
frequency levels believed to be associated with temperature,
blood pressure and respiratory rhythms, from low to high
frequency, respectively. The latter two are most responsive
to mental workload, and both of them seem to be influenced
by-a wide range of feedback mechanisms (Grossman, 1983).
This predicament and the difficulties arising from the
complexities of HR control will be discussed in detail

later.

The third problem involves the fact that while it is easy to
have a general conceptualization of mental workload it is
not clear what kind of work is actually being done or what
form of energy is being expended. Hence, it is not clear
from a biological perspective with what physiological
phenomena the changes in HR are being correlated. While a
full physiological explanation of what is meant by mental
workload is not possible at this time, the more we
understand these processes the more we will be able to
understand why HR varies as it does during mental "work".
An attempt to elucidate the physiological components of
mental workload is the subject of the next section

V. RESULTS: A BIOLOGICAL PERSPECTIVE ON MENTAL WQRKLOAD

One of the primary matters in a discussion of the bioclogical
aspects of mental workload is deciding whether we are
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dealing solely with those elements which produce the
feelings of mental effort or whether other elements such as
the automatic aspecté of a mental task should also be
included. Secondly, the notion of resource utilization and
depletion is probably the best way to tie recent
psychological models of mental work and fatigue (Heemstra,
1986) to potential physiological models.

Two questions can be asked regarding the biological
resources for mental work: what are the resources which are
being depleted and is there a relationship between mental
work and metabolic work? These two concerns overlap 8Since
one of the resources may be ATP, the end product of cellular
.metabolism that is the primary source of energy for the
biochemical activity of the body.

ATP itself, however, is an unlikely candidate since even
though it is a major resource for physical work, physical
fatigue actually results .from a build up of lactic acid or
the depletion of glycogen stores. Furthermore, during
mental work no one has been able to measure local or general
increases in oxygen consumption in the brain. The problem
with these studies, however, is that the resting brain has a
high metabolic rate and any increases in metabolism in a
small part of the brain would not be large enough to be
distinguished over noise levels. 1Indeed, recent studies
using the PET Scan have shown that there are local increases
in brain metabolism during mental activity (Phelps &
Mazziotta, 1985). Consequently, it remains a possibility
that metabolic processes are one of the limiting resources
in mental work, either through the depletion of some

substrate or the build up of a metabolite.

Other resources whose depletion may help limit mental effort
relate to the potential energy that is stored in the neurons
of the brain in the form of transmembrane ionic gradients
(created.through the use of ATP and leading to the
establishment of the resting membrane potential) and the
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neurotransmitter stored in the presynaptic vesicles.
Indeed, nerve impulsgs may be propagated down or between
neurons without the immediate expenditure of metabolic
energy. However, studies have not shown either if there is
a significant depletion of these resources during mental
work or if cellular metabolism could replenish them quickly
enough to keep them from being limiting factors leading to
mental fatigue. It is of interest to note, however, that
the classic Claude Bernard experiment indicates that
neurotransmitter can be significantly depleted at
neuromuscular junctions before the stimulated muscles are
fatigued. Hence, it would appear that these potential
energy resources may be limiting resources for mental work.

A fourth type of resource in the brain that may limit mental
work is the neural circuits or, nerve -cell assemblies that
are thought to be at the root of brain function. Regarding
resource depletion perhaps these neural units can be
overloaded. If so what is meant by overloading and with
what mental phenomena or processes are these units involved?
Finally, it is also possible that the connections between
critical neural units become overused, so they become a
fifth resource that may limit mental work.

The most likely mental phenomenon with which these neural
units are involved is the concept of "attention". Using a
model of attention that seems to have wide acceptance,
attention is said to have two separate components with
separate neural circuitry, arousal and activation. The
arousal "center" works more phasically and is closely tied
to emotions, while the activation "center" works more
tonically and is closely associated with motivation and is
more directly involved with eliciting responses. Further-
more, it appears that attending and cognition to involve
only one stimulus at a time. When people seem to be
attending to more than one ﬁhing at a time they are probably
sequentially time sharing the attention resource center in

the brain. This is not to say, however, that our brains
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cannot carry out other functions automatically at the same

time.

Several other concepts important to the study of mental
workload can be added to this model of attention. One is
that the sensation of performing mental work seems to
involve cognitive rather than automatic functioning. This
does not mean that significant energy is not being expended
by automatic functioning and if this energy utilization
contributes to our sense of mental work and fatigue or if it
should be included in the quantification of mental work is
an open question. Secondly, the model suggests that there
is a close relationship between cognition and emotion.
Indeed, Heilman and Valenstein (1979) believe that to feel
an emotion one must be in an appropriate cognitive state
Wwith an adequate degree of arousal, while Schwartz (1986)
suggests that cognition and emotion are really two different
qualities of the same -phenomenon coining the word
"cogmotion" just as "wavicle" represents the wave-particle
duality of matter. If cognition and emotion are really two
aspects of the same phenomenon, then there is some
simplification in the use of heart rate as a measure of
mental workload since one need no longer worry about the
fact that heart rate responds to both of these phenomena.

In conclusion, if psychophysiologists are to gain a clear
conceptualization of what they mean by mental workload, they
must first decide whether it refers to any increase in brain
function, cognitive and automatic, or if it should only
refer to cognitive phenomena that elicit our sense of mental
effort and fatigue. Having decided that, it should be
easier to determine what brain resources are most
significantly involved with mental work and how they limit
mental functioning. One caveat, however, is that just as
there are two primary forms of physical fatigue, short term
lactic acid‘build up and lbng term glycogen depletion, so

might there be more than one form of mental fatigue.
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VI. RESULTS: THE CONTROL OF HEART RATE AND HEART RATE
VARIABILITY

With this conceptualization of the biological aspects of
what mental work may actually be, it is now necessary to
look at the complexities of heart rate control before
discussing the value of using heart rate as a measure of
mental work. When studying HR control in relationship to
mental workload the neurological control of the ANS is most
important. However, it must not be forgotten that the
hormonal and intrinsic mechanisms of control may also be
present at any time and may be affecting the overall
homeostatic state of the individual. Hence they may be
important factors in the evaluation of HR and HRV, and they
may help account for otherwise unexplained variation between

tasks and between individuals.

In the control of HR both the PNS and the SNS of the ANS
appear to be active at all times with the PNS predominating
at low HR's and the SNS predominating at high HR's. a
simple conceptualization of this relationship can be seen in

Fig. 1. This diagram shows how at low HR's there can be a

IMPULSE FREQUENCY

v

HEART RATE

‘Fig. 1. A simple conceptualization of the firing
rates of the parasympathetic (PS) and sympathetic
(S) nervous system at different heart rates.
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lot of vagal tone with little interferenc from the SNS,

which appears to be the case when analyzing HRV.

Unfortunately, the situation is not this simple for a number
of reasons. First of all, there are differences in the
response time of the PNS and the SNS with the PNS being
faster by 2 or 3 seconds. Secondly, and most importantly,
is the fact that there are interactions between these two
subsystems of the ANS. This can be seen histologically at
the heart and the effects of this interaction can be seen
when these two systems are stimulated and monitored
simultaneously (Levy & Zieske, 1969). For example, these
researchers have shown that the greater the sympathetic
background activity the greater will be the depressant
effect of any vagal activity. The converse is not true,

however.

The typical view of how neurological control of HR occurs is
that it is primarily the result of a number of simple
reflexes through the cardiac center of the medullary
brainstem. Such influences are important but there are also
a number of higher brain centers which have strong influence
on HR, the reticular activating system, the hypothalamus and
the cortex. Neural activity in these areas of the CNS can
either effect HR changes directly or modulate the gain on
various autonomic reflexes such as those from the aortic and

carotid baroreceptors.

One complexity of HR control that has proved to be
particularly important for psychophysiologists studying
mental workload is that even at rest there is beat to beat
variability, the HRV briefly described earlier. This
variation has been measured as both the variation in HR or
in the interbeat interval, IBI. There are advantages to
both, but it is essential to remember that HR and IBI are

not linearly related.

128-12




On the other hand IBI is linearly related under simple
laboratory situations to the frequency of vagal stimulation.
It has been shown (Katona & Jih, 1975) that variation in IBI
is directly proportional to the degree of vagal tone or
parasympathetic control on the heart. However, even though
HRV is established as a good measure of vagal tone, there
may be more to HRV than vagal tone alone. Upon vagotomy HRV
is greatly reduced but it can still be perceived (Levy et
al., 1966) and oscillating sympathetic activity has also
been observed (Langhorst et. al., 1983).

Under normal circumstances three primary frequency
components of HRV can be seen when data is subjected to
-spectral analysis. The low frequency band is thought to be
associated with temperature regulation, the middle frequency
band with blood pressure regulation and the highest
frequency band with respiration. It is the blood pressure
and the respiration bands that seem to be most responsive to
changes in mental workload so that understanding their
etiology is of most value for the psychophysiologist.

To explain the origins of these rhythms both central and
peripheral mechanisms seem important. Grossman (1983) has
described four separate peripheral mechanisms the most
accepted of which is that induced by carotid and aortic
baroreceptor reflexes. During inhalation the decrease in
thoracic pressure causes a decrease in blood pressure which
through a decrease in sensory afferent firing from the
baroreceptors inhibits vagal activity and causes an increase
in HR.

Other studies have shown, however, that central factors are
critical to HRV. For example Katona et al. (1970) noted
that vagal activity was diminished or stopped during
inhalation even if blood pressure was maintained at a high
level. Furthermore, if the dogs with which they were
experimenting were artificially ventilated, little change in
vagal output was observed unless the animals attempted to
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breathe on their own in which case there was an increase in
variability. Finally, they observed that vagal cardiac
responses occurred siightly before, not after respiratory
changes occurred, which was also observed by Levy et al.
(1966) and which suggests that a central mechanism is
controlling the coordination between the cardiac and
respiratory activity. Such a control center might be found
in the reticular activating system where Langhorst et al.
(1983) have found neurons whose activity reflect that of
both the heart and the respiratory system. The adaptive
value of such a system would be that blood pressure can Dbe
maintained more evenly if HR goes up just before or as
inhalation occurs rather than waiting for feedback responses

via the baroreceptors.

VII. RESULTS: HR AND HRV AS MEASURES OF MENTAL WORKLOAD

From the preceeding discussion it can be seen that the
understanding of HR and HRV control and of what is meant by
mental workload has many deficiencies. Consequently, it is
unlikely that the use of HR and HRV can be used to
rigorously quantify mental workload in the near future.
However, there is no doubt that there is a substantial
qualitative relationship between these parameters and any
effort to help clarify this relationship will prove of

value.

One of the most basic problems is the question of why HRV
varies with mental workload. Is it in preparation for
increased metabolic demands and is the orientation reflex in
preparation for a lower metabolic rate to help the
individual attend to some stimulus? Or are these relatively
small changes in HR simply epiphenomena, the result of
complex neural activity that have no adaptive significance
per se? From a biological perspective this latter
possibility is not as unlikely as it may seem. If a

characteristic, like the presence of an EKG or HR variations
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during mental work, should come about simply as a result of
other more significant characteristics and they are not
selected against, then they will persist even though they

have no adaptive value in themselves.

Other problems need to be confronted by the researchers in
this field. One of the most significant concerns is the
variability between subjects, within subjects on different
days (Wientjes, 1989) and between different types of mental
tasks (Somsen et al., 1983). Another problem is the |
question of whether there are significant circadian or
ultradian rhythms to HRV. This is a likely possibility
since such rhythms have been shown to exist in resting HR
and in performance tests. If such rhythms do exist they can
add unwanted variability to the results of a study leading

to the rejection of a valid hypothesis.

One of the major values of HR and HRV analysis for the study
of mental workload and fatigue is the fact that they can be
easily monitored under a wide range of circumstances: short
term studies primarily geared towards the analysis of
immediate reactions to stimuli (OR's of SR's), middle length
studies like those conducted at HEG/AAMRL which assess the
mental effort required by specific tasks and long ternm
situations where subjects such as pilots can be monitored

over periods of prolonged concentration.

In conclusion, while there are many difficulties to be
faced, the use of HR and HRV for assessing mental workload
seems to be well worth pursuing. For any measure to be good
it must be sensitive to the task and to the differences
between tasks and individuals. Psychophysiologists are
still working on these challenges, but it has become clear
that studies must not be confined to HR and HRV alone.

Other windows on the response of the body to mental workload
are needed. Some of these other techniques include
recording evoked potentials, eye blink analysis, measuring
respiration rate and tidal volume and seeking a non-invasive

128-15




measure of sympathetic activity. Although it appears that
none of these techniques will work alone to provide a clear
view of mental workload, a combination of them may prove to .
be successful. This is the approach which the Ergonomics
and Workload Branch of HEG is presently pursuing.

VIII. RECOMMENDATIONS

Science is a fascinatingly self-correcting process and the
Workload and Ergonomics researchers and their colleagues
elsewhere are excellent at setting up intelligent and
relatively efficient goals in a difficult field of study.
Furthermore, while this research at HEG/AAMRL is oriented
towards pilots and cockpit efficiency, the Air Force should
not ignore the fact that it can also apply to pilot training
and long distance performance, to radar operators and flight
control experts on naval ships and to the general citizenry.

To pursue some of these other directions would require
broadening the scope of the research at this lab to the
investigation of more short term physiological responses,
such as the OR and SR. (Apparently long term endurance
monitoring of physiological variables is presently being
done at Brooks AFB). If HEG cannot make such an adjustment
without diminishing the work they are presently doing (since
the short term tests are not strictly concerned with
workload) the Air Force should consider setting up another

laboratory to do so.

One recommendation for the researchers in this field is to
take some time to try to determine what they mean by mental
workload. The primary decision is whether it involves
cognitive functioning alone or both cognitive and automatic
functioning. If this can be decided, it may be easier to
determine what biological resources are utilized during
mental work which could then help establish what
physiological parameters they could best study.
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Since it is clear that no single physiological parameter
will provide the full story about mental workload, it is
encouraging that the researchers at HEG have developed the
PATS system so as to be able to look at a multitude of
parameters at one time. They should, however, add
respiratory rate and tidal volume to their capabilities not
only as an additional parameter but so as to be able to look
for interdependence between those parameters and HR and HRV
changes. They should also try to be able to add other
physiological parameters to PATS, whenever any prove
themselves to be of value. For instance, a parameter that
would effectively measure sympathetic activity would be
invaluable in the assessment of mental workload.

Finally, there should be concern that ultradian or circadian
rhythm effects may be causing some of the variability in
test results. These possibilities should either be
controlled in future studies or tested for the significance
of their influence on mental functioning and the
physiological parameters involved. Since it is already
Known that there are circadian variations in HR it would be
particularly valuable to investigate if the same is true for
HRV. This final recommendation will be the foundation of

the author's Research Initiation Program proposal.
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Breakdown of Total Information Processing Time

into Durinag-Display and Post-Display Components

for Serial and Spatially Distributed Visual Presentations

by
Ethel Matin
ABSTRACT
Information processing speed was compared in serial and
spatially distributed visual displays, using performance
meaczures that assess total information processing time and
alsc allow separation of the time for processing while a
display is visible from the further processing that occurs
after it is removed. For all subjects, a significantly
shorter total time was reguired with the serial displavy,
‘which eliminated the need for saccadic eye movements to
access the data. With both displav types, all subjects were
able to exercise some control over the distribution of the
total processing time, allotting a relatively lang during-—
display time and & correspondingly short post-display time
under one set of instructicns, and the converse under the
other set. A& high negative cofrelation, accounting for 380%
of the response variance, was found between the twa
orocessing components,. as would be expected if there is a
tradeoff between them in accomplishing the total processing

task.
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[. INTRODUCTION:

The DEfTech Laboratory at AAMRL is engaged in psychological
research on designer use of human factors information and
in research on human—-computer interface concepts. Several
years agos, as a guest of the Laboratory at the invitation
of its director, Dr. Kenneth R. Boff, I contributed to the
latter effort by proposing a new visual display technology
characterized by the serial transmission of independent
frames of visual information through a single displav
window. Dr. Boff and I planned a program of basic research
on the scientific aspects of the proposed technology and
initiated its implementation (Matin and Boff, 1988; Matin,
Boff, and Donovan, 1987; Osgood, Boff, and Donovan, 1988).
Moreover. we applied for a patent, which was awarded to the

Air Force earlier this year (Matin and Boff, 198%).

This Spring, after my appointment ss a Summer Faculty
Recearch Fellows Dr. Boff and I decided to utilize the ten
week researcn period to explore a surprising phenomenon
that had emerged in the course of our earlier work cn
serial displays. This pnhenomenon will be described later 1in
the Introduction after a brief description of the serial

display concept has been presented.
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Essentially, a serial visual display presents chunks of
information in rapid temporal succession at a single
spatial location, thereby provid;ng a multivariate channel
for sequential transmission of visual information analogous
to an auditory display. It offers three potential

advantages as a design aption:

1. Reduced display space reguirements. In effect, a
serial display with N frames occupies 1/N of the amount of
display "real estate” that would be required with

conventional, spatially distributed displays.

2. Increased rate of informaticn transfer to the
human operator. A hiligher rate is possible because the
serial display eliminates the need for programming and
executing the saccadic eye movements that are needed ta
scan an array of visual displays. For information that
could be processed in rapid automatic mode, elimination of
the saccadic nverhead permits a substantial reduction in

time to access and process visual information.

3. Designer control over information sampling
sequences. In system control environments, operators
monitor large numbers of displays to determine when they

need to intervene in the computer—-controlled processes they
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are supervising. All of these displays must be sampled.,
some of them more often than others, depending on the
bandwidth of the displayed information. With conventional,
spatially distributed displays, the designer’s task 1s to
lay them out in a way that will encourage optimal
monitoring sequences while minimizing the time to learn
them. With an appropriately designed serial display, the

optimal sequence can be built into the display itself.

For our research comparing serial and spatially distributed
visual displays, we developed a measure called the "frame
duration threshold’". Briefly, this is the amount of time a
frame must be exposed for a given level of performance
(e.q., 90% correct). By computing the difference between
the threshold for information presented in a spatially
distributed array of frames and the threshold for serially
presented frames, we obtain a measure of the overhead that

can be attributed to the need for saccadic eye movements to

access the datsa.

Early in the course of our work with the duration threshold
measure, we found a very large saccadic overhead for a
simple recall task. However, it seemed reascnable to erxpect

a less dramatic overhead, if any, for tasks that reguire

more complex nrocessing. Accordingly. we decided to examine
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digit additicon for serial and spatially distributed
displays of three digits. To our surprise, the saccadic
overhead was not diminished by the additional complexity of

the task.

A possible explanation for the surprising result was this:
if subjects absorbed the information from the display and
then added the three digits. the duration threshold might
enly be tapping the perceptual/encoding/ memory aspect of
the processing, bhut not the further cognitive processing
needed for the digit addition. If that is indeed the case,
the serial/spatially distributed difference 1n processing
speed might disappear if a performance measure that taps
the total perceptual and cognitive processing time were
used. The research performed during the ten week summer

fellowship addressed this gquestion.

11. OBJECTIVES OF THE RESEARCH EFFORT:

The first objective of the research was to compare human
information processing speed in serial and spatially
distributed displays, using performance measures that
permit separation of the processing time while a display 1is
visible from the further processing that goés on after the

display is remocved.
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The second objective was to study the effect of the
subject’s operating mode. The influence of this variable
became apparent in the course of preliminary experiments,
which showed that subjects could gperate in two modes:
emphasis on making the display time as short as possible
with a laonger post-display processing time, cor emphasis on
a minimal post-display time, with a correspondingly longer

display time.

The third objective was to measure the magnitude of the
correlation between during-display and post—-display
information processing times for the serial and spatially
distributed display conditions. These correlationss which
are expected to be negative if there is a tradeoff between
dieplay duration and post-display response time, will allow
ascessment of the proportion of variance that can be

attributed to this tradeoff.
iI1. METHQGD

The three research cbjectives were accomplished with the

following experiments, which was run on four subjects.

a. Apparatus. The experiment was run with an IBM XT

microcomputer equipped with an enhanced grapnics adapter
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card, a data acguisition card, a standard [BM keyboard, and
an enhanced color display. The computer presented stimulil,
recorded responses, and stored the data on disk for later
statistical analysis. It was programmed in BASIC with 8088
assembly language routines for display timing,
synchronization with the &40 Hz display raster, and

measurement of post-display response times.

b. Subject’s Task. In order to ensure a reliable response
time measure that was not complicated by the subject’s
ability to type on the keyboard, the digit additiaon task
from our exploratory study was modified to permit a binary
response - 0dd if the sum of the dig;ts was Odd, Even
otherwise. For this modified task, subjects could get the
correct answer either by adding the digits and checking to
cee if the sum was odd, or by counting the number of odd
digitss and making an (0Odd response if this number was odd.
Subjects were asked to use the latter method, and all
reported that they did so. The keys "V" and '"M" were used

to enter the Even and Odd responses, respectively.

For all erperimental treatments, subjects initiated a trial
by looking in the center of a small window on the monitor
{the fixation window), and hitting one of the two respanse

keyss, keeping their two index fingers aon the keys, readvy
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for the binary Odd/Even response at the end of the trial.
For the serial condition, which eliminated the need for
saccadic eye movements, the 3 digits were then presented as
individual frames in temporal succession in the fixation
window for the frame duration selected for the trial.
Feedback - the subject’s response (0 or E) and the correct
response (0 or E) were presented together for 800 ms just
above the fixation window. As soon as the feedback
disappeared the subject was free to initiate the next
trial. For the spatially distributed condition, there were
two windows centered vertically aon the screen and separated
horizontally by 11 deg (visual angle). For this condition,
the first digit Qas presented in the left (fixation)
window. The subject then made a saccade to the right window
to get the second digit, and then a second saccade to the

left window, where the third digit was presented.

At the beginrning of the run, the subject was informed
whether the Serial or Spatially Distributed condition was
in effecg, and whether the operating mode was short display
time or short post-display time. In the first half of the
runs the computer "tracked" the frame duration threshold
for the conditions of that run (i.e.. it measured the frame
duraticon for 835% correct performance). This usually

required S0-60 trials. Immediately thereafter, the subject
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received anocther 40 trials, for all of which the frame
duration was fixed at the durafion threshold. Post-display
response time (which could be negative if the response
occurred before the end of the display) was measured on
each trial in both parts of the run. However, this measure
was anly analyzed for the 40 trials at the fixed duration.
In short, for the purposes of the present analysis, each
experimental run yielded three numbers: the duration
threshold, the mean post-display time for the 40 trials
that were run at the threshold, and the 4 correct responses
for those trials. Subjects were encouraged to look at their
results, which were printed at the end of each run, in
order to learn to discriminate between the two operating
modes (short display time or short post-display response
time). Each blotk of trials tock approximately 5;7 minutes
and subjects rested and relaxed between the four blocks

that constituted the experimental session.

c. Experimental Design. A 2 X 2 factorial design was used.
Factor ! was the display condition (serial or spatially
distributed) and Factor 2 was subject operating mode
{emphasis on short display time or emphasis on shaort post-—
display time). Each of the four experimental treatments was
run as a block in every experimental sessicon to control for

improvements in perfarmance as the experiment proaressed.
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In additicn, the position of a given treatment within the
four bloc? session was counterbalanced acraoss sessions to
control for possible performance differences within a
session. Each block of trials yielded a duration threshold
measure {(frame duration far 83% correct performance), a
mean post-display response time measure for 40 trials run
at the threshold, and a %correct response measure for the
40 trials. If the latter was not within 3% of the 83%
target, the data for the block were discarded. Additiaonal
sessions were then run as needed until 8 blocks of data
were available for each experimental treatment. This design
feature ensured that subjects were operating close to the
5% correct criterion for all data used in the analysis.
All subjects practiced the procedures for several weeks

before formal data collection began.

IVv. RESULTS

a. The experimental findings relevant to objectives 1 and 2
are summarized in Figure 1, which is presented on the next
page. For each of the four subjects, Figure 1 shows the
effect of the two experimental factors — display method
(Serial — SER, or Spatially Distributed - SPA) and
subject’s operating mode (emphasis on short display time or

emphasis on short post-display time). The height of & bar

represents total processing time f(onset of the displav to
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Fig. 1. Information processing time for serial (SER) and spatially
distributed (SPA) displays, with 3 frames per display. The data are
shown separately for short display time and short post-display time
operating modes. Total processing time is broken down into two
components: during display time and end of display to response time.
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the subject’s response). In addition, each bar shows the
breakdown of the processing time into two components:
display duration forithe three frames (the subject’s 83%4
duration threshold X 3), and time fram the end of the

display to the responce.

From the results shown in Figure 1 and the assocciated
statistical analysis, which is presented in Table 1| on the
next page, the findings with respect to objectives 1 and 2

can be summarized as follows:

The serial method resulted in a faster total processing
time for both the short display time mode and the short
post-display time mode. Averaged across all subjects and
all treatments, the time saving was 194 ms, for an overhead

af 97 ms/saccade (note that the three frames were accessed

with two saccades).

All subjects were able to exert some control over the
distribution of the total processing time: In the short
display time mode, the duration threshold was short and the
time from the end of the display to the response was
correspondingly long. The converse was true in the short
post-display time mode. However. for three of the four

subjects (D is the only exception). total processing time
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was significantly less for one of the two operating modes

for hoth the serial and the spatially distributed displays.

Table 1

Analvsis of Variance for the Total Processing Time

Sub ject
Source A B C D

Display Type

F 25.47 23.14 21.88 166.55

(p) (.0001) (.0001) (.0001) (.0001)
Operating Mode

F 2954 .81 7.58 16.20 .19

(p) (.0001) (.0044) (.0004) {.6634)
Interaction

F 3.70 .03 .73 .11

(p) (.0644) (.8537) (.3947 (.7412)

b. The third objective of the study was measurement of the
correlation between during-display and post-display
information processing times. Table 4 on the next page
shows these correlations along with r™, the proportion of
explained variance, and p, the probability of chance

gcourrence.

For all subjects and for beoth the serial and the spatially
distributed display conditicons, the correlations are
regative, as would be expected if there is a tradeoff

between during-display processing and post-displav
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Table &

Carrelation between the Duration Threshold and Post-Display
Response Time Measures for Serial and Spatially Distributed

Displays

Sub ject
Display A B c D
Serial
r ~-.9366 -.8248 -.5026 -.8976
r® .8771 . 6802 .8146 .80S6
(p) (.0001) .0001 (.0001) (.0001)
Spatially
Distributed
r -.8849 -.8382 -.8760 -.9248
r .7830 . 7366 L7674 . 8552
(p) .0001 .0001 .0001 .0001

times to achieve the 83% correct performance. Moreover,
they are remarkably high in absclute value, accounting for
79.4% of variance for the serial display and 78.8% for the
spatially distributed display (averages of r7 over the four

sub jects).

/. RECOMMENDATIONS

The findings of the present study need to be generalized
bevond the three framé digit processing task, and the
implications of the tradeoff between during-display and
post-display processing that was discovered in the course
of the research needs to be explored. Specifically, the
following lines of further research would be useful from

both the basic and applied points of view:
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a. Examine the effects af number of the frames (and
therefore the number of saccades) on total information
processing time. If each saccade adds an overhead of
approximately 100 ms to the total processing time, we would
expect an increase in the serial display’s speed advantage
as the number of frames increases. In addition to its basic
gignifTicance in the study aof eye movements and information
processing, data on the effect of the number of frames is
important from the viewpoint of engineering tradeoffs in

design applications.

b. Examine the effect of the type of information processing
task, using the total information processing time measure.
In ocur earlier published work (Matin and Boff, 1788), we
hypothesized that the speed advantage of the serial display
format would be found with automatic but rnot with
controlled processing. The total processing time measure
and the technigue for breaking it down intoc two components
that was developed in the present study provides a useful

new tool to approach this guestion.
c. Examine the effect of the distribution of the response

time between the during-display and post-display components

nn overall processing efficiency.
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=

A new version of the Harness Belt Option of the Articulated Total Body (ATB)
moael (3,8,9] has been constructed. This new model minimizes the total elastic
potential energy of the harness system under the following constraints: (1) the
component of the belt tension force that is perpendicular to the body surtace is
salanced by the deflection force exerted by the body due to deformation; (2) the
frletlon force created by the pelt tension force is not smaller in magnitude than
the component of the pelt tension force that i1s tangentlal to the body surface. It

was round by us tnat the old version of the Harness Belt Option does not

MIAIMITE any FUnGTION, iT 00y [mpases conStralnts o) angd (2) With tne gifference
AT in w2 1T STIpUlates TnAT tne friction force 1S NoT smaller in magnituce than
Tnase TWO Ccompenents Gt the tension force that are tangent to the oody suriace
ang are paraliel and operpenaicuiar to tne gelt line. These constraints are
physicaily wrong and do not determine the motion of the harnesses uniauely. This

causes the fatlure of the old model.

Wi nave ararted computer Implamantation oy w@eiting two new 2ubrogtines,
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I. INTRODUCTION

The Summer Faculty FEesearch Fellow, Dr, Jozepn 5iucs nag peen Interssted in
FArioug areas of matnematics and phyales.  He puclizhed several papers In the
tielgs of wunctlonal amalysis, ergodic theory (commutative or now, abstract
a1gBOra, ovVDernetics, and measure theory. His recent interest lies in the
matnematical oroclems of oiclogy. He has recently submitted two papers on
oopuialion genetlcs. His formal education is 1n mathematics, physics, and

caomputer science.

The Graduate Student Research Fellow, Vincent Dimicell, has his formal
BOUCATION 1N mechanical englneering (B. S and applied mathematics (M. $). He 1s

zacile 1n the computer language FORTRAN.

Dr. Szucs knows a good portion of the theory of dynamical systems because of
nis work in functional analysis won Neumann algebras). One of his results nas
severa: &pplicartions (n The theory oOf noncommutative dynamical systems and

guantum Staristical mechanics.

The researcn task Dr. Szucs ana Mr. Dimicell nave been assigned to was the
review Of tne Harness Belt Cetion or ATB (5,6,9] ana correction of modeling ang
cragramming errars, (The Hdarness Belt Optlon only works 1n some trivial cases
w1th tuOged gata. [he mogeilng part reaulres knowledge of tm;oretlcal mechanics
anc matnematics. The programming part reaulres the ability of planning large

suproutines and coordinating them.

Tne varied background of Mr, Dimicell contributed to nis selection by Dr.

Szucs.  The manirold nackgroungs or Dr. Szucs ang Mr. Dimicell contriputed to




tnelr assignment as participants of the Summer Faculty Research Program/

Graguate Stugent Research Program,

[I. OBJECTIVES OF THE RESEARCH EFFORT

Tne ATB model together with the Harness Belt Option, describes what
nappens o ejectea pllots ana crasn vicums £3,8,9], A harness 1s a system ot

pelrs Tieg together ana fastened to tne seat. The ATB mogel gescripes what

CARERnE TOA DASEeMIEr O SRYEeral oAasSengers (0oa SCAasn o Quring e 2o Dram

AT AR LAaTE,  ZeSiaes ThS mode], ACTLal manieln TESTS Nave OEen pEeror men St g

COIGT TR DOrCE AN TOrdUe 13 measoren al several olaces of the coay,  hese
TeSTS 4are very sipensive andg LT 1S oltficult to follow the motlon or the harness.
1T 1S tneretare Jesiratle to construct a mathematical model and study the cutcome
Ot ejection or crash by solving the equations of motion exactly or numerically on a
sOmpoter, a0t 20Jutlons are N0t LAoWn Nor are They sypected aven \f The entire
00CY 1S ConsSidered rigld withodt a narnessiy, p.l4gl. It the bogy 15 assumeg (o
cCNSIST or several e2ilipsolds or hyperellipsoids coupled together, the eauations
Of mOTion can pe written and solved numerlcally on a computer, provided that no
narmess (s considereq, [f the atfects or a narness are also taken 1nto account,

EvEN The

[

zact Newtonian equations of motion are not known. Nevertheless, one
Ay AtTeEmEl DO d8Ecrine tThe mallon Gf The DOdy —harness System Oy programming

nE computer To caloulate the location or Tne center o mass and the culer sngles

AT DL TEGMecT AU TNe SrD DD TR DIrET TITE STerUEl, LSira

Of The D00Y Segments and the narness. The narpess 1S assumeq o have ng mass
GUVES WITH TNE o0y gegments, o8 TeNSION cdusSes oy TNlS moTion oo Ine
narnNess makes the narness mave a iitrie in reiation to the pody. N it3 new

pOSITIoN, the narness exerts torces and torques on the pody segments. These
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forces ana torques, together with the other forces and torques are the 1hpUt for
calculating the motion of the body 1n the next time interval. Thig process can ne
repeated as many Times as needed. The Harness Belt Model ls supposed to
degcribe the REiNltely fast moticn of the narness at the end of each Time

=t

interval.

The Harness Selt Sptlon currently used, Works anly 1N simple cases or wWnen
The 1NlTial gata are rugged. T1he 0oJeclive oOr The rasearcn was review of the
model and The accompanylng prodram and the gentlficatlon of modeling  and

programming errars,

Our objective nad to be modified drastically when we found a fundamental
arror 10 the Harness Belt Mcgel (see section [V). This error meant that we had to
CONSTILCT a campiately ey model and had to Welte the correspondlng subroutings,

Thls task couid not pe agne in the amount of time provided.

MATICAL ERROR [N THE HARNEZS BELT MUDEL

|

H

(e ]

MA

—
—
—t
-

Tne formulas on p. 7-17 of the Advanced Harness-Belt Restraint System (3]

all cneckea G, &, .allowling aperoximation except the Lirst rormuia on p. L7,

Using tne sooreviated Nnotation » = .t FB , tne rcrmuia 4

t
rt
)
1)

t
]
°
0
rt
o]
in

gquivalent 1o The toliawing:

~

iy = oguis1gng.

The correct tormuia tor ghsi 15 as follows:
Tf gkl > it ang sigre /J s19n(gil, then

¥ i - ‘
dixi = 28 v Lisignys.
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ir not u&y FoAnt . S1gnY /sugru ), then
r
Jal = '\J;umgmx.-.

Note that tne last tormuia nas peen used N all cases 1n tne existing model.

In our new mogel (see section VI} we avold the above matnematical error by
usiNg zfx**‘z instead ot‘cflxl. This has to be done becauseg !4l 1S NOT NOMOogeneous

iirear in 3.

1V, PHYSICAL ERROR IN THE HARNESS BELT MODEL

The tourth ang flfth glsplayed equations on p. 12 (the first two constraint
2QiJdTIONS) Or The AJVAnces marness-Belt Restraint System {12 contaln & pnysical

-~
i

contraaiction. Ta illumlnate this, we describe a thougnht sxperiment In the next

oaragrapn.

_at usS place a 5ancing aisk on a tagle With the sanapaper down. Suppose the

GlSk 1S PUSNEQ TO TNe Taocle oy 4 torce perpendicular to The rapie.  Denote the
Mmagnltiods Of T rorce v B, Lat o2 assume That the friction c:cmtt‘ment/u 18
igependent Of tne alrection of motlon of the gisk on the taple. Then,
inaependently of direction, a force parallel to the taple and of magnitude larger
than)ur"‘ 1S5 neegeq o move the aisk. Thig 1S what we think would actually hapeen
if we were tg perrorm the experiment. Suppose Twa forces parallel to the table
ang perpendicular 10 2acnh other act on the 4isk. Assume Tnat they nave the same
Magnitude «Which 12 equal to (:3/_11"4>F. Then the regultant force Nas magnitude (3V2~
> 4jr - /uF. ThereIgre, The torces Would move the GisSK. LBT US nowW See what the

Agvanced Harness-Belt Restraint System predicts. This model imposes two

Sdepengent coNSTraints on hé comparents of The Igree 2Ccting on the disk.

damely, the giSk wWill not move according To tne mocel If Tne magnituges ot the
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perpendlcular components are both smaller than )uF. Since these condgitions are

clearly met 1n gur c¢ase (the components have magnitude (3/J/4)F « pF) the disk

woulg NoT move accordlng to the moael.

Our recommendation 12 that the tWo constralnt equations be replaced oy one
EquUAricn LMPOSIng 4 condltion on the magnitude of the component of the pelt force
whnicn 1S tangentlal to the ellipsolg in guestion. The magnitude of the rriction
IORILICIENT 1N &N arditrary airecticn can be calculated from A, ana M oy

cons:igering tne eliipse With nalr—axes ot lengths/ui and pg 'see sectian Vi

There 1S pOSSIDlY angther pnysical error in the model. However, tnis error can
se corrected easily oy altering the aefinition of the force detflection function.
Tre current mogel Joes Not make any Jlstincllon belween Static and gvnamic force

derlections, We cannot tell whether this distinction ts taken care of by inputing

the dynamlc torce detlectlon function or not,

Y, LOGICAL ERROR IN THE HARNESS BELT MODEL
The current narnezs-oelt mogel po3tulates two ndependent friction
coMEtratnts and  one  getlectian  constralnt., The friction conatralnts  are
ineauailtles and the deflection constraint 1S an equation. These constralnts are
requlred at eacn »olnt that 1S not anchncred and 1S on a bady Segment. The numoer
ST CONSTraINIS 15 Correct DUT TWOSINIras o nem are neauailties. Trerarore,

i

heds s ennTicgm Gf S0luTiong, .0 Spiie Of This, The Lorrespomd o Sradram

: T inls

RS

toain il

2S00 The ooorgdinatas oo e rateranne ooints, LT oEeams TTET Tne
caleilation 18 acheived oy convertlng the ineayalitles 1nto equatlans. It is
posslole that the mequalltles are converted [NTto equatlons for Oﬂl')’ nose polnts

Whnere the congtralnt tnequalltles are not satisfied and the other ooilnts are
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wnored. The praplem with this approach 1s that after the program 1s run ang the
@ COGroINnates Cf ne reference polnts are calcuiated, the INeaudilties at ne

DOINTS Wnere TnNey were satisfleg may oe violated.

“I, A HEW MODEL FOR THE HARNEZS-BELT RESTRAINT 3Y3TEM

We propose that the locations of the belt reference points be calculated by
-minimizing the total elastic potential energy of the harness system under the
roliowlng congitions: (1) the component of the pelt tension force that is
cerpenalcular to the body surtace 1s balanced by the dynamic deflection torce
egerteg oy the accelerating body due to deformation: (2) the friction force created
oy the pelt tension force 1s not smaller in magnitude than the component of the
neit rension torce that is tangential to the body surface. If a reference polnt 1s
AaT Or a 00ady elllpald ar the tenslon force of the oelt at the point 13 glrected
dway It om Ine pody eilipsold, Then the apove TWo cONdITIONS are replaceg Oy Inree

CONGITIONS STipulating tnat the aelt TenNsion toroes are palanced at tne polnt Lnger

consideraticn.

WE SE AN approdimation JUadratic 0o Lhe pertyrbatlon coordlhates for the
patentiai energy or the Hamess system and iilnear approxXimations tor ne
constraints,  Therefore, we face a quadratic programming praoblem (21, wWe are
going To use the notation of (3], To avold sub- ang superscripts, we use lLinear

Writing and ndlcate Superscripts and SubsSceripts In parantheses. First we 1St

rme SUpersSoripls Separateg Irom Subscripts ov 2 femi-colon.

For the calculation of the objective function we need an approximate

T

L BresSsion tar X0l up [0 auadgratle terms inoQ, Where §oand d are vectors cf he

same gimension. wWe ootaln:
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IX+al = (2#%2 + 2xd + gRR2)xx(1/2)

IXI(L + 2ea/inte=? + dexZ/ qixx2) 2%l /7

RICL + %Q/1s1 %2 + d%x2/|wi%%2 = (1/2)(xd)x*2/[2i*xd+ ]

Il + xa/7igl + axx2/20%] — (xd)=%2/2|21%%3,

We want to calculate the work done if a belt segment is stretched from its

unstretched length B to length o. This work is equal to

o]

grb(t/B - 1)at

b=}

~nere ro 1S The sStress—-straln cunctlon of the peit segment. [f the pelt 1s first

stretcned to lengtn ixi=so ana then 0 length 12 + @i, wnere X ana ¢ are

i-gimensicnal vectors, then the change 1n the above work 1s
% + dl
g:‘o\t/B - liat.

it

we calculate this integral up to terms quadratic In idl. it 1S then sufficient to

Jse a llnear approximartion tor to. We nave

foit/b -1) = fb/B-1) + fb'(b/B - 1)t ~ D)/B +..

Then

AN T aee sl - mglee i/ tigens

S Lfo/B - 1 + tbbs/3 - 14t - b}/Bldt.

(X

=0/ B - Lieasigl v asez 200 - KgiERZ/(2IRixx3)] -

Rt Tls BN IV ot L RS P Rl 4

COe Sggective Irlotian o

3
0

:
(8
)
(&
3
o)

oo The anove exoressicn over ail intervals

Jerineg Dy a0Jacent rererence polnts. Let us denots The 2ngpolnts 0L sucn an
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iNterval oy A ang ¥ ietc = folbs/B - livh and ¢ = ip0/B - 1)/{ZBb*%2), Thenx = X
.. .. . .. [ . ) :
~Y o= iAo =R - Y) =@k —¢Y and the coOntriDuULIon 1O the apecTive tunctlon,
Or the Intervai Wwitn endpoints X, Y 1S
S 81715 1 -o)"{f' + (::fc}%' &{)**2/2‘ + X - Y)(& —OIY)]ﬂE[':.’- c/{2b=2) ]
= "Zt(xm YR + Y - XD
* &C/Z#Z[(G{(J'})**Z - k&u)&u) + (UQ(J))**2:I
+ [e = o/ (2b**2) HZ LX) - YK Txe2
+ Z[Z‘.K\J) - "{‘ﬁJ}&(JJJ'QJ(Y(J} - X(J))&(J}J
» 2000 = AdY U JxeZ
=CZ‘CLX(.J) - ‘x'(JJ‘J\X(J) +(Y(y - X(J'})ol;u')]

+4C/ Z»ZJC'C}}(\.J/)**Z - ZJ;((J}[}Y\'\,J} + kt}TYT(J)}**.Z]

+ LS - C/‘\ED**L;}”ZJEEU\&,-) - '*.'LJ})J;\J/J**L
R L A\J/CX’\_,‘-)]MZ]
L ‘T] VALY = T ) ARG L))

’

T ‘J:J VAV = TR e A gkey ) +Jru)o‘ru')))
SQACCLAY = (Wi r@lpicl ((p ~ Xl

TR EEZ{Cs 2 T e o/ ZDEERID(KN - T xRE]

+ A (iR 2{C/ 2 + ¢ = o/ (20220 () — Y{#e=2}

+(for J= ) o XUIXUN{C = ¢/ (2D 2)) (X)) = YINIXGD = YN

‘ r 3 { o N - 1 N / M

+(for =Y g (i = o/ (2B**2Y () = KY (D = XGNY
ifor = iKY )T ie- ¢/ (2B%a 20X = YY) = K43

*OQIJ)OW(J’){‘C/Z —(C'= ¢/ (2bxE2N(X() — Y =*%2}

Now let us re-index the reference polnts X(1),..., X(N) 1n such a way that all
CCINTS nave exacliy Gné ingex m anc tne IIrst p e0LNtS are exactliy ne oClnis that
are not anchored. we genote the point with this new ndey oy %(m}. The symbol
<im; CeNcIes TNe index SI any pOINT TNat 15 & Nelgnoar Or the oCINT wWilN ingex m.

fhe quaaratic erogramming Nas 3p varlasies., Tney are tne J‘K(.j). 1=1,4.3/, wnere
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A 18 NOT an anchor polnt. Let us denote the jth coordinate of the perturoation
5L The MmN POINT by xi3am - 1) + ». Since the last side of the chain Of equallties
for The contribution of the interval (X, Y) is invariant under interchanging X and Y,
tne coefficients g and H of the objective function

(ng + (xTHx)/2)/2
are:
G T LTS S X Gm) = XCik(m) ]
dusem o= by g, sim - L e =

e (o {20 or0reZ JOXm) =X kim)) JexZ

Kim)
Husum = 10 or oy, Skipy — Lo o=
SR VR L S O AW H A SUH R G DN E L
AR Rt DI A A
Cmler arae D T =Kk G TOEG g =40 sk m I

SOSum o LT o, T L) s

Ty Lzem osbee s JTXGimy =Kk m)) TTXG s m) = &4y kim))

Tne remaining H are zero. Note that H(3(m - 1) + 5, 3Mkm) - ) + ) may not be

zerg gnily LI kKim) 1S the index Of a polnt that is not ancnored.

To generate the linear constralnts of the above auadratic opjective function
(eT LS consSloer any polnt with index K (K=1,...,p ang any nelighboring point

Lancnored orf NOT wWith ingex E. Let ek) denote the matrly of the local Dasls

VECTOrS at the polnt with lngex k. The symbol UKk will denote the unit vector

Seoe SOoIAT s O BTIAT - an0 Simllar moering wilil SE zeg for fo,noang 3. Derine
Asebd = kb Dbl = o (kG UK UTKKI LD Kk 7 Bk
- oI/ DVKR

wnere TNe got cenates transpose. AWGK 15 a 343 matris,
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HE gye

Sk = LK) B =?'—Jcm1.J‘;m§§(.j,k> - A(l.J:Kk)-o%J,m.

%3 oomt%’\k’) is on an ellipsold ang FR(3,K) < U, then we generate an eauation

ang sn ineauality. The equation is

dFRG - fmgx)/s}m = ~FRGK) - DGIK),
u;nerea@tkﬁZJLu;K (J;K)

with Ligk = {qK)r(K)-/(r(K))**Z -

mk:n(E(K;r(K)-/(r(K)-E(Kmknma/2)}D<K;§§K>.

ine inequallty is

TFRLED +JFR(1:K))**2 + (FR(Z:K) +G[ER(2;K))**2 <
:QCPKL)LFR‘.I;K) +JFR(LK) 1%n2 + DUZNFR(ZIKD + JFR(2:K0 1%%23 -

(FRGK) +JFR(3:K%%2,

iI we only keep the terms linear in JF"R(I:K), we arrive at
i@(l;K)&’R(l;K) > W/2HIFRUGK x%2 + (FR(Z2;K)) %2 J%%7 —

i:‘./J(l)FR(llK))**Z * t)d(Z)FR('Z;K))**Z](FR(B:K))**Z}

wiiere

st = FF:t.E.;K}Et).nl')FR(i:K)M*Z * YU FR{ZIKDR* 2]

Selin = LRIFR(SIRN AR L - IIFRGK =272 + (FR(Z:KN == 2 I3FRZ; K
At = i

LanDFRGIKD#=2 = LR =0 + (FRZE==2 IIFRE,

LT We NoW use the 1dentity rRK = e,k KZ\K)FBIKKMK)). we potaln the entries ot

& ana b 10 the constraint equatlions A(lix = b and the constraint lnequalities A(2)x

~ 0. 1nhey are

am, 3um = 1)+ =~ m)A(3, g5om, kim) +fD‘(gm))L.(.J;m)
AU, suam) = L)oo o= AL, gom, kamd)

pim) = —£D( (m) — FR(3:m)

£Or an equatlon. For an tnequality,
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alm, Jim = 1)y = —ZLQ(I;m) %T”A(l. gy m, kim))

awm, 3tm =1+ gy = -ZQ(l;m)A(l, Ji m, kK(m)
pim) = (1/2{I{FR(L;K)*#%2 + (FR(2;K)*%2 ]%%2 ~
E()d(i)FR(i:K))**Z +'()u(Z)FR(Z;K))**ZJ(FR(3;K))**2}.
All other a‘s are equal to zero. Here the index m of the point f indexes the
equatlon and the inequality. In the computer implementation, the index of the

lnequaiity nas to pe gifferent from that of the equation.

[f the point §«,m') 12 not an any body ellipsold or 1f FR(:im) > 0, then tnree
e2quallons express the condition that the resultant of the belt forces at é(m) 1s
Zero. These equations are
—mEthm FBuwmLwemy r ERUImy = 0, d=1,0,3)
USLING AKk), we ontaln:
—Z:<[11)ZJ:1:\(1.J;TT1.k(m))fJ}(J,K(m)) —&J.m)] = -FR;k). = 1,2,3)
Tne 1ndices of tne tnree equations willi be (m,1s, (m,2) and (m,3). We nave
aun,Lidtm = Loe =T Em AL g mokim));

aim,;3kimr = 1)+ » = A, jm,kim));

aum,l) = -FR{d;m (1 =1,2,3)

A few words are In order about the abjective function, First of all, the
opDJjective function 1S certainly positive semidefinite or definite. It is suificlent
70 See tNIS for each term seperately. We know that fb/B-1) » 0 ang tb'/B-1) >
©. Un tne ather nang,

AERZ I T Q) e/ Ginieed) 2,

TiNGE TRIS NBGUALITY MULTIBLIEd Oy lidie=l gives

arRZ) KAL)~ Kd)xxZ > U
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which 1S the Cauchy inequality. The nonnegativity of the term containing
to'b/B-1) 1s obvious. I both £b(6/B-1) and fo‘(b/B-1) are nonzero (which 1S
expected if b » B), then the contribution is zero if and only 1f

(OREZ)(R%XT) ~ (RQI%R*Z + (XA)%¥x7 = (X2} (x %%2) = {,
Since ¥ = X- ¥ £ 0. tnis implies that d=0. Theretore, tne opbjective tunction 1s
positive aeflnite Ir for at l2ast gne interval of meignooring points, £oi/B-1) £ 0

ang £’/ B-1) £ 0.

VII. COMPUTER IMPLEMENTATION OF NEW MODEL

1/ We nave eliminated the portion concerning DELMAX from the suproutine
HPTURB since we go not need any convergence criterion for the new narness

model.

\2) The suproutine HSETC has been rewritten to caiculate the arravs A, Q, L

neeged to £iNd the coettficlents af the quadratic programming.

(31 A new subroutine, dINDEX, has been added. it converts the old indices of
the pelt reference polnts o The New LNQICeS ang vice versa. [t also finds tne
INQICES Or the Nelgnocrs Or e4cnh PoLNt. The new 1naices are needed to numoer the

variables of the guaaratic prgramming. The neighbors are needed for the sums in

rie coetficlent farmulas,

4) Still ancther suoroutine, HCOEF, nas heen added to calculate the

coefficlents of the quadratlic programming,
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Y1l RECOMMENDATIONS

The computer lmplementation of the new

a.
model 12 not completed, The old subroutine HBFLAY has to be changed to £ind the
indes of the poagy elllpsold on which a glven reference polnt 12 situated, If the
pPOLNT LS Not on any body ellipsoid, then the index 1s zero. This index 1s called KKS

in HSETC and HCOEF. In the old model points cannot move from one body segment

70 the ather. We have eliminated this restriction in the model.

The subroutine HBELT has to be changed to accomodate the new madel. The
torces and torgues at each reference point are found in HBELT. The

mplementation or the model has to be tested.

.

o. Follow-on research. i) It may turn out that the guadratic and linear

approximations used LN the quadratic programming are not sufticlently accurate.

TNEE CAage The quadratic programming could D reoeated WITh The perturoed Jdata
J0taines N the preceding quadratic erogramming. This 1teraticn could oe
continued until the outputs of twa congecutive quadratic programmings are closer
to =ach other than a small positive number. Another way of overcoming
inaccurate approximation is the replacement of quadratic programming with

convex programming [27.

Z) In case the proposed aogective function does not yield good results, other
novective functions can be explored. Candidates for opjective function are the
Total length of the narness and the total guadratic perturgation or reference

points., Of course, any auadratic or convey function with cleverly chosen 1nputs

LA Sarye 38 a0 D ecTive ogncTion,
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(3) The current model and the proposed new model also, approximate each pelt
With a br'oken line. This approximation can be made more accurate 1f the
curvature of the pertinent body ellipsoid is taken intgo consideration betgween
two nelgnooring belt points. A similar phisical model 1s described in (7, p.

6641,

) The old ana the proposed new models both use one king of rfriction
cosriicent (two of them). In reallty there are two different friction coefficlents,
a static ana a kinetic one [7, p. 61 and 64]. They are of the same orager of
magnituce out different. In the constraints of the gquadratic programming, the
3Taric soerriclents nave to be used. If the lneqx;ahty constraints ot the quagratic
programming are violated, the belt system will move relative to the pody ana tne
wimetle friction coetficients have to pe used. During the sliding mation of the
pelt, energy 1s dissipated. It is desirable to determine whether this energvy 10Ss

1s significant or not.

15 The guadratic programming calculates the position of reference polnts at
tne eng of =ach tlme 1nterval. Since the quadratic programming 1S not an
approzimation of an existing continuous model but rather it 1S an a oriorl

aiscrete "mogel”, 1T 1S NOt clear whether the narness can move continuously trom

G OHACrRTE LOSITION TO INe PeXT One A4S calculated oy The duanratle oroaramming,

10/ ZETLEer approZlmation can be oprained Lf the width of the oelt 13 taken 1NTo

consideratian,

Ty lT i3 cesiraoie To INciuce rate gepencent Iunclions in TNe Agwi MClEl i3 1S

done in tne ola one.

T

val The new mode] cogld be sxtended o nangls nyperellipsoids as oogy

segments.
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70 BaTh the 0L and new models aperosimate the geit jing oy polygons, Tnis

i

A GEOMETrIC approslmatlon only and Not a Jiscreate approd inatlon of & cantlnuous
mode] descrlblng the 2imultaneous continuous mation of the tody-harnegs systam,
Such a model would probably contain coupled ordinary and partial oifferential
equations. The partlal equations are needed because one has to keep track of
which polnt on a belt coincides with a given point on the body. The construction

of such a model seems to be a difficult if not impossible task.

(10) It 1s plausible that the motion of the body-harness system IS chaatic.
(Concerning the theory of chaos, cf. (6, 101.) The real-life experiments with
ManikiNs snow that very similar initial conditions may lead to drastically
aifferent outcomes (111, The paper {51 suggests that chaos can pe present in
S1tuations that are similar to the body-harness system and are much simpler at
the 2ame time, (012 deslrable o teat for chaog, Sucn 0e3tg are descriped 1n (6],
1110 1S LOund LRAat cnaos 1S present, the chaotic behavior snould be separatad from
The NoNcnactic one. The cnaotlc part could be nandled oy methods of the theory of
chaos. The probapliity density of outcomes rather than exact outcomes can be

gescribed {101].

c. Miscellanea. (1) It 1s desirable that a complete list of all variables used in
the computer program be made. This list should contain a dictionary translating
the names of varlables in the model Ipto thelr names 1N the program and vice

versa.

2) An agvanceg version of the ATB model would propably require a more

agvanced computer wWith larger memory than the Periir Elmer computer currently

wSed,
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Kinematic Mappings Between the EXOS Handmaster Exoskeleton!
and the Utah/MIT Dexterous Robot Hand

by

Michael M. Stanisic
ABSTRACT

Part of the overall Robotic Telepresence effort at the Harry G. Arm-
strong Aerospace Medical Research Lab (AAMRL) is controlling the
fingers of the Utah/MIT Dexterous Robot Hand so that they will emulate
a human's finger motions, providing a direct human-in-the-loop kine-
matic control of the robotic fingers. The focus of this ecffort was to de-
velop the required kinematic mapping (the mathematical transforma-
tion), allowing the Dextcrous Robot Hand the ability to grasp and posi-
tion objects (such as tools) with its finger tips under the tclepresence
control of a human operator. The developed mapping of arbitrary hu-
man finger tip motion to robotic finger tip motion was successfully im-

plemented.

1 The EXOS Handmaster Exoskeleton was originally developed by Arthur D. Little
Inc. and is now referred to commercially as the EXOS
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I. INTRODUCTION:

Robotic Telepresence is a highly advanced concept of teleoperation. Tele-
operation provides for human operator commands which generate robotic
motions through the use of either controlling joysticks or master/slave sys-
tems. Teleoperator control is frequently used in atomic research laboratories
and in deep sea explorations, where the environment is hazardous to human
life. In its more advanced forms, teleoperated systems can provide "force re-
flection" back to the human operator. With force reflection, the operator is
capable of sensing forces acting upon the robot, and is thus capable of con-

trolling the forces that the robot imparts to the environment.

A main drawback of teleoperated systems is that a high decgree of expertise is
required on the part of the operator. The operator must mecntally map the mo-
tion of the controlling joystick into the motion of the robot. This is a problem
similar to that encountered by the operators of hcavy machinery such as
backhoes and cranes. Observation of a backhoe operator reveals a "musician-
like" quality in the way that the operator's fingers arc moved and coordinated
in order to produce a specific type of motion of the hoe. Although not as dra-
matic, the teleoperator of a robot nceds a similar type of coordination. Learn-
ing this coordination of movements between the controlling joystick and the
robot, requires a considerable amount of training and practice. When the
problem of force reflection is added, the telcoperator of the robot becomes a

highly trained person.

Telepresence is an advanced form of teleoperation, which allows the operator

to_command a robot which directly emulates the operator's motion, and in_ ad-

dition allows the operator a natural awareness of the sensory capabilities of
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the robot. Telepresence control of a robot should allow the operator to see,
hear and feel exactly what the robot sees, hears and feels. To achieve telepres-
ence control, the robot must posses a full set of sensory capabilities, and a sys-
tem must exist which allows these sensations to be realized by the operator.

The telepresence effort in the Air Force is currently in its initial stages.

In order to achieve telcpresence at the level of motion ecmulation (the empha-
sis of this summer's work), mapping of the motions should no longer be per-
formed by the operator in his mind, but rather by an autonomous system, ca-
pable of directly mapping human operator motions into identical robot mo-
tions. The controlling joystick would thus be removed from the teleoperation
system. Also, the burden of coordinating the robot would bec transferred from
the mind of the opcrator to the machinery of a computer, allowing the opera-
tor a greater mental awarcness of the task at hand and eliminating the neces-
sity of training the operator in using controlling joysticks. In more advanced
forms of tcleprescnce, the operator also "fecels" the forces acting upon the
robot, directly in the manner in which they are encountered by the robot. To
the Air Force, telepresence control of robots would be uscful in Air Basc Oper-
ations such as flight line aircraft scrvicing in biologically, chemically or ra-
dioactively contaminated environments. In thesc situations, a human in a
protected environment can safely and simply command the motion of the

robot in the hazardous environment.

In the Robotics Laboratory of the Biological Acoustics Branch at
AAMRL/WPAFB, the concept of robotics telepresence is being brought into
practice with a variety of upper body cxoskeletons used to control two, six de-

gree-of-freedom (DOF) robots, and left/right hand exoskeletons (EXOS) used to
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control sixteen DOF left/right robot hands (known as the UTAH/MIT Dexterous
Robot Hands). My personal research interests have been in the kinematics,
dynamics and design of machinery and robots. With these skills I was chosen
to assist the Robotics Group with the kinematic portion of telepresence control

of the Dexterous Robot Hands.

IT. OBJECTIVE OF THE RESEARCH EFFORT:

The basic goal of the research effort was to develop a computer algorithm for
controlling the fingers of the Dexterous Robot Hand directly, with human-in-
the-loop control. Of primary concern was mapping an opcrator's finger mo-
tions dircctly into the motion of the Dextcrous Robot Hand's fingers. The avail-
able equipment was the Dexterous Robot Hand, an EXOS Handmaster (to be worn
by the human operator) and an IBM AT connccted to a VME bus with a Motorola

68000 cpu and a threc bit sharcd memory window.

[T1. METHOD OF SOLUTION:

In mapping the operator's hand motion into the Dexterous Robot Hand's motion
we concerned oursclves primarily with finger and thumb tip positions. As of
this date, the mapping algorithm has been successfully implemented. In de-
veloping the mapping, the problem was divided into four steps.

Step 1:

The portion of the EXOS Handmaster mounted to a human's finger was mod-
eled as a serics of three, four-bar linkages, with one of the relative joint
angles in each four-bar linkage representing the relative angular dis-
placement of two segments of a finger. A reading obtained from the Hall ef-

fect sensor provides the input joint angle to each four-bar linkage model.
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With this angle we then computed the relative angular displacement be-
tween two finger segments, which is represented by the output joint angle
of the four-bar linkage model. The solution for this output joint angle was

in closed-form.

In the case of the thumb, the EXOS Handmaster was modelled as a five-bar
linkage serially connected to a four-bar linkage. Two sensor readings pro-
vide two angle inputs to the five-bar linkage. With these two angles we
computed the relative angular displacement that occurs between the first
two thumb segments, which were represented by two output joint angles of
the five-bar linkage. The solution for thesc two output joint angles was also
in closed-form.

Step 2:

We developed simple kinematic models of the human's fingers and thumb.
Knowing the relative angular positions of the segments of the human's
fingers and thumb (from the EXOS Handmaster) we used these kincmatic
models to compute positions of the human finger tips and thumb tip.

Step 3:

We developed the forward and inverse kinematic equations of motion for
the fingers of the UTAH/MIT Dexterous Robot Hand. A portion of the in-
verse kinematic equations had a closed-form sol-ution, while another por-
tion required a numerical solution.

Step 4:

Finally, we developed the forward and inverse kinematic equations of the
Dexterous Robot Hand's thumb. Again, a portion of the inverse kinematic
equations had a closed-form solution, while another portion required a

numerical solution.
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Steps 1 and 2 were used to determine the human's finger and thumb tip posi-
tions. These were used as inputs to steps 3 and 4 in order to produce the same
finger and thumb tip positions for the Dexterous Robot Hand. The kinematic
control equations developed in Steps 1-4 are not presented in this report due to
their length and complexity of derivation. They have been submitted to Lt.
Ammon K. Wright (Biological Acoustics Branch of the AAMRL at WPAFB) in a
publishable form, and will be organized by Lt. Wright into a technical paper
for review and possible presentation at the 1990 IEEE Conference on Robotics

and Automation (Cincinnati, OH.)

IV. RESULTS

The developed kinematic mapping was encoded into C, (a computer program-
ming language) and then implcm.cntcd into the controlling softwarc of the
Dexterous Robot Hand controller. Telepresence control of finger and thumb tip
positions was achicved with considerable accuracy. By allowing for a size
scaling factor, a rcasonable posture emulation was also achicved. Without
photographs, it is difficult to display our rcsults. A visual demonstration of the
telepresence control of the Dexterous Robot Hand will soon be decveloped at the

Lab.

V. RECOMMENDATIONS AND FUTURE WORK:

a.) When the EXOS Handmaster is mounted to the human operator's hand,
there are dimensions which must be measured and entered into the control al-
gorithm. These dimensions depend upon the size of the opcrator's hand, and
the way in which the EXOS Handmaster was mounted. Measuring these values

can be a tedious and slow process. Although it is not critical that these dimen-
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sions are exact, reasonably accurate values must be used for reasonably good
performance. With repeated use, an operator will tend to mount the EXOS
Handmaster in a similar fashion each time it is worn. For this reason, a com-
puter data file can be constructed for each operator, and with every mounting
of the EXOS Handmaster, these dimensions may be saved in the file. After many
mountings, it will no longer be necessary to remeasure these dimensions. In-
stead an average value from the data file may be used.

b.) The algorithm provided to Lt. Wright will achieve an accurate duplication
of finger tip and thumb tip positions between the operator and the Dexterous
Robot Hand. Due to variations between the size of the operator's hand and the
rather large size of the Dexterous Robot Hand, when finger tip positions are
controlled, hand posturc may not be well duplicated. For this reason a scaling
factor (which indicates the relative size of the Dexterous Robot Hand to the op-
crator's hand) of the finger tip positions may be included the algorithm.

c.) With the algorithm developed in this project, it is now possible for a hu-
man operator wecaring the EXOS Handmaster to directly control the finger and
thumb tips of the Dextcrous Robot Hand. Thus it is possible to grasp various
objects with the finger tips of the Dexterous Robot Hand. After the grasp has
been achieved, the question remains whether the joint torques and grasping
forces have values which correspond to a stable grasp, i.e can the objcct be
lifted without falling out of the grasp of the Dexterous Robot Hand. For this we
must study the static force balance of the Dexterous Robot Hand grasping the
tool and optimize the grasping forces, in a fashion similar to that described by
Kerr and Roth (1986). It is recommended as an additional project, that such a
stable grasping algorithm be computerized and implemented.

d.) Authors such as Kerr and Roth (1986), Salisbury and Craig (1981), have:

studied finger tip grasps and manipulations. These are suitable for situations
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requiring a high degree of manipulability (such as rolling a tool within the
fingertips). However there are situations where manipulability is less im-
portant and a good "lock" on the tool is more important (such as a firm grasp
on the handle of a hammer). These are referred to as "power grasps". Power
grasps are necessary when doing hcavy work. It is recommended that the
kinematics and stability of power grasps be studied, and a computer algorithm
be developed so as to allow the Dexterous Robot Hand to achieve stable power
grasps in order that it be capable of performing significant work with more

powerful tools.
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ARTICULATED TOTAL BODY (ATB) VIEW PROGRAM
WITH HARNESS-BELT IMPLEMENTATION

BY
Chi-Ming Tang
ABSTRACT

The Articulated Total Body (ATB) model is currently being used by the
AAMRL to study the human body biomechanics in various dynamic
environments. The VIEW program provides a graphical representation of the
simulation output from the ATB model. The original graphics output of the
VIEW prograrﬁ was developed to suit the early ATB model version, that is, the
graphics output of the human body is represented by the ellipsoids without the
harness belt attached. The new version of the VIEW program has the

capability to depict harness belts as well as the body segments.
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l.  INTRODUCTION

The Articulated Total Body (ATB) model is currently being used by the
Armstrong Aerospace Medical Research Laboratory (AAMRL) to study the
human body biomechanics in various dynamic environments. The ATB model
is a coupled rigid body dynamics computer simulation program which outputs
the linear and angular position of each object at user defined time intervals.
The output data is used by the VIEW graphics program to plot the projected
image of the objects on the viewing plane. Over the course of several years, a
number of changes and additions have been made to the ATB program, but
the corresponding modifications, needed to show all of the ATB elements,
have not been made to the VIEW program.

" The basic graphics elements used in program VIEW are ellipsoids and
polygons. These basic elements correspond to the ellipsoids and contact
planes used in the ATB model program. The original configuration, however, is
only able to depict an ellipsoid for each body segment without displaying,

especially, any harness-belt system.
The concept of the harness-belt was introduced and added to the ATB

model in 1975. Any implementation regarding the harness-belt system should
be essential to complete the simulation. Therefore, the new feature developed
for this research program shall have a capability to depict the harness-belt
system for each simulation of the ATB model.

In compliance with these specific needs, a number of modifications and
six additional subroutines have been made to the VIEW program. The details
of this implementation will be discussed in section [ll and an example will be

given in section IV.
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Il. OBJECTIVES AND APPROACH

The objective of the research effort was to modify the VIEW program to
depict harness belts. The original VIEW program source code contains 1717
lines of FORTRAN code, consisting of a main program and 36 subroutines and
functions (Ref. 4). A harness consists of from one to several belts (Figure 1).

Each belt is defined as a set of straight line segments connecting reference -

points. The reference points, Py, are selected from a prescribed set of points

by an algorithm (Ref. 1).

BELT 1
BELT3

/}( REFERENCE C3/\>(
ANCHOR POINTS N ANCHOR
POINTS \ \ POINT

JUNCTION
X POINTS

BELT 2

Figure 1 Belt Harness Model

The graphics algorithm of the harness belts can be divided into two
portions for discussion. The first pertion is the line segments between two
consecutive reference points on the same ellipsoid. Each line segment will be
depicted by the connection of a sequence of the surface points on the
ellipsoid. The surface points are generated by the following procedure:

Based on the signs of the third coordinates of two reference points, use
the first and second coordinates to set up a grid mesh (on the local ellipsoid
reference system). For example, let the third coordinate be the z-coordinate
and if the signs of the z-coordinates are the same, then create a grid square

mesh in the xy-plane by using these two consecutive reference points as the
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opposite diagonal corners of this grid square mesh. After the diagonal of this
grid square mesh has been divided into equal NSTEP subintervals, the z
values will be calculated by the ellipsoid equation at these ending points of the

subintervals.
If it is not the case described above, that is, two z-coordinate values are

different signs and two y-coordinate values are the same sign, then the grid
square mesh will be in the xz-plane. If it is not the cases described above, then
the grid square mesh will be in the yz-plane.

The second portion is the line segment between two different ellipsoids or
two different segments. Each line segment is represented by a series of short
vectors, even though one long vector could be plotted. That is, the connection
of the tips of these short vectors will be the line segment between these two

reference points.

In order to give the harness belts width the fact that the surface of an
ellipsoid is a differentiable surface is used. Thus, the gradient vector exists at
each point on the surface of the ellipsoid. Also, the gradient vector, if not zero

vector, is perpendicular to the surface at that point. Referring to the Figure 2
below, let vector DVEC be the directional vector between two points P4 and
Po on the ellipsoid, the vector GVEC be the gradient vector of the ellipsoid at
the point Py, the vector WVEC be the width vector of the harness belt at the
point Py4. If the points P4 and Po are sufficiently close, these three vectors,

DVEC, GVEC, and WVEC, are mutually perpendicular to each other,
approximately. Therefore, the width of the harness belts can be calculated as

follows:

(1) find the vector WVEC by using the cross product of two
vectors DVEC and GVEC,
(2) find the unit vector in the direction WVEC.
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The final width vector of the harness belt is the vector of length WFAC in
the direction of WVEC. The real coefficient width factor WFAC is to be

determined by the user.

GVEC

\]‘/ WVEC

P, ,,ﬁ-\jz
/./ TN
DVEC

Figure 2 Geometric Figure among the Vectors DVEC, GVEC, and WVEC

. MODIFICATIONS AND NEW SUBROUTINES

To fit the specific needs of the harness-belt system, a number of
modifications and new subroutines have been made to the VIEW program. In
order to distinguish from the original program code, these changes are labeled

by the name "HARN" in columns 77-80 on each program code.
(A) Modifications:
(1) New Common Block: "HRNESS"
In order to implement the harness belt's option, a new common

block named HRNESS was added to the related main program and
subroutines such as: MAIN, BLDIEH, HARBLT, HARELP, HTRANS,
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HWDTVA, HWDTVE, INPUT, AND PRJBLT. The descriptions of the

variables in this new commom block HRNESS are as followed:

NHRNSS
NBLTPH(5)
NPTSPB(20)
IBAR(5,100)

BAR(15,100)

NL(2,100)

NPTPLY(20)
NSTEP

NTOBLT
WFAC

Number of harness-belt systems.

Number of belts per harness.

Number of points per belt.

Array of indicators containing KS, KE, and
others for each point.

Coordinates of reference point in the local
reference frame.

Pointers to the IBAR and the other array for
each point in play.

Number of points in play per belt.

The number of steps between two reference
points.

The total number of belts in play.

The scale factor for the width of the harness

belts.

(2) Extended Dimension Declarations

The dimension of some variable arrays on the common blocks have

been extended to fit the needs of the harness-belt system. Note that each

belt occupies one dimension array, the maximum number of belts is 20.

The following is a list of these changes in alphabetical order.

Variable
Name

A
CONVEC
D

Original Dimension New Dimension
Declaration Declaration
(3,3,30) (3,3,40)
(2,4,90) (2,4,110)
(3,3,90) (3,3,110)
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ICOLOR 91 111

IE (90,90) (110,110)
NIE 90 110
NPPP 90 110
POS (2,90) (2,110)
SEGLP (3,90) (3,110)
SEGLPO (3,90) (3,110)
SIGN 90 110

Also, the dimension of the variable array D1 in the subroutine
POLYD was extended from 810 to 990, that is, D1(990).

(3) Input Data File on Logical Unit Number 1:

This file is a data file generated by the ATB model simulation
program. In order to input the information regarding the harness, the
\subroutine named UNIT1 of the ATB program has been changed so that
it can fulfill the need. The common block HRNESS is included in the
common block section at the beginning of the subroutine code.

In the ATB program, the coordinates of each reference point on the
harness belt are defined in the principal coordinate system. There is a
difficulty to define the variable DPMI, the direction cosine matrix from the
local reference frame to the principal reference frame, at an anchor point
on the VIEW program. Thus, the subroutine UNIT1 shall include the
procedure that changes each reference point on the harness into the local
reference frame instead of the principal coordinate system.

The additional information passed to the data file stored on logical

unit number 1 is:

NHRNSS, NBLTPH(5), NPTSPB(20), IBAR(5,100), BAR(15,100),
NL(2,100), and NPTPLY(20).
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The detailed information regarding these variables can be referred

to in section "(1) New Common Block: HRNESS".

(4) Input Data file on Logical Unit Number 5:

This file is so called the input control file read from FORTRAN unit
number 5. Two new record sets, RECORD 10.1 and RECORD 12.2 are
included in the input control file of the new VIEW program. These records

are described below:
(a) RECORD 10.1

Variable List : ICOLOR(92-111)

Format : (3(5X,15))

Discussion :  This three record set contains 20 intege numbers
that define the colors for the belts. These colors
are used for the multicolor plotter and the
multicolor graphics terminal. The detailed

description can be referred to in Reference 5.

Variable Description
ICOLOR(111) Color numbers for belts. Position 92 of ICOLOR
represents the color number for belt1, position

93 represents belt 2, etc.

(b) RECORD 12.2
Variable List : NSTEP, IHARN(2), WFAC

Format : 312,F10.2
Discussion : This record defines the variables used in the
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harness.

Variable Description

NSTEP The number of plot vectors used in plotting the
belts. Subroutine HARELP, the belt line
generation routine, divides each belt in NSTEP
pieces between any two consecutive reference
points. The limitation is between 1 and 99,
inclusive.

IHARN(2) IHARN(1) = 0, draw the belt with width.
IHARN(1) = 1, draw the belt without width.
IHARN(2) = 0, draw the belt with hidden

‘ algorithm.
IHARN(2) = 1, draw the belt without hidden
algorithm.
WFAC The width scale factor for the belt.

(5) Subroutine BLDIEH

The subroutine BUILDIE has been modified to fit the needs for
harness-belt. Also, the name is changed to BLDIEH for the purpose of
distinguishing from the previous name. However, the basic principle to
build the IE and NIE arrays is the same as before. Before, the algorithm
checked the segments (ellipsoids) and the polygons. Now, the subroutine
will also check with the belts. The principle is that the belt would not hide
any part of the body, but the body might hide a part of the belt. Also, the

belts would not hide each other.
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(6) Subroutine HYDE

The original purpose of HYDE is to determine if a point is hidden by
an ellipsoid. Referring to the Appendix A, "Hidden Line Problem Between
Two Ellipsoids”, of the Reference 4, we can claim that if the magnitude of
the vector M is close to zero, the points on each ellipsoid are very close
together, and it is not necessary to hide the point on the surface of the
ellipsoid with respect to the ellipsoid itself. The tolerance value for P * M
is 1079 for the case N = IELP. If a part of the belt is on the surface of an
ellipsoid and this region of the surface is not blocked by the ellipsoid itself,
the other ellipsoid, or any polygon, this part of the belt is displayed. The
new tolerance value for P = M is 10°3 instead of 1079, That is, if P * M <

1073, then the point of the belt is not hidden.

(B) New Subroutines

There are six new subroutines being attached to the original VIEW
program. Their names are called HARBLT, HARELP, HTRANS, HWDTVA,
HWDTVE, and PRJBLT. The following is the description of the purpose of each

subroutine.
(1) Subroutine HARBLT

This subroutine is called by the MAIN program to set up arrays

containing belt data for the subroutine PNTPLT to plot.

(2) Subroutine HARELP

The purpose of HARELP is to generate the XYZC, XYZL, and XYZR
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arrays of the belt points between two reference points. These points are
used by subroutine HARBLT to plot the belt.

(3) Subroutine HTRANS

The purpose of HTRANS is to transform the input vector R in the

local reference frame into the inertial reference frame vector P.
(4) Subroutine HWDTVA

The purpose of HWDTVA is to find the width vector WVEC at point
p2 for the case of two different segments or two different ellipsoids. The

point p2 is assumed to be a point on the ellipsoid of the segment number

KS with semiaxes coefficients array AA.
(5) Subroutine HWDTVE

The purpose of HWDTVE is to find the width vector WVEC of the
harness belt at the point P1. The point P1 is on the ellipsoid that has the
semiaxes coefficients array AA.

(6) Subroutine PRJBLT

PRJBLT is called by the MAIN program to project the harness belts

onto the projection plane.
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IV. SAMPLE INPUT AND OUTPUT

This section provides an example of the visual data display of an ATB
model simulation. The output of the simulation from ATB program consists of
two harness belts. lts input control file and output graphics file plot show as

follows.
(A) Sample Input Control File

The following table is an example of the input control file. This file

consists of the information on the following records:

Record Number Variable List
1.0 DEVFLG
2.0 NFRME
3.0 ID(1-10)
4.0 STIME, DTIME, ETIME
5.0 IDEBUG(1-4)
6.0 NFAST, NPREM, NISG
6.1 IREMOV(1)
7.0 NSP
8.0 ICOLOR(1-30)
9.0 ICOLOR(31-90)
10.0 ICOLOR(91)
10.1 ICOLOR(92-111)
11.0 NSTEPS(1-17)
12.0 NSTEPS(31-46)
12.2 NSTEP, IHARN(1-2), WFAC
13.0 INT, SFACTR
14.0 OFSETX, OFSETY
15.0 VP(1-3), RA(1-3), IVP, ICODE
16.0 XMIN, XMAX

For further information on these variables, see Reference 5. The

corresponding data information is given below Table 1.
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Table 1 Sample Input Control File

12345678901234567890123456789012345678901234567890123456789012345678901234567890

1

0

(blank line)

0.0000 0.0100 0.0000

1111

0 116

7

0
2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2
2 2 2 2 2 2 1 1
1 1 3 1 1 3 3 1
1 3 3 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1. 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1
4
2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2
2 2 2 2

8583553353333331010
2020202020202020202020202020202020202020202020202020

2010 0.50
4 110.0
5.5 5.5
1000.0 1000.0 -20.0 10.0 0.0 0.0 16
0.00  11.00
(B) Sample Output Graphics File Plot

The graphics outputs of the Table 1 are shown on Figures 3-5 at the
viewpoints which are located at (1000.0, 1000.0, -20.0), (1000.0, -1000.0,
-20.0), and (1000.0, 10.0, -20.0), respectively, in the IVP segment number

coorinate system.
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Figure 3 Sample Graphics

Figure 4 Sample Graphics

with Viewpoint (1000, 1000, -20)  with Viewpoint (1000, -1000, -20)

Figure 5 Sample Graphics with Viewpoint (1000, 10, -20)
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V. RECOMMENDATIONS

The revised VIEW program with harness option generates a nice visual
data display for the users of the ATB model program. Still, the program has not
yet reached its final development nor fulfilled its complete potiential. The

"finishing touches” should address the following implementations.

(A) If the line segment between the anchor point and the first reference
point penetrétes the reference ellipsoid, we shall find the supplement point on
the ellipsoid such that the line segment between the anchor point and the
supplement point will be tangent to the ellipsoid. Otherwise, a partial part of
the belt will not displéy. The reason is that these points of this part are not the
surface point of the ellipsoid. When applying the hidden algorithm, these
points will be hidden and so they will not be plotted.

Figure 6 Example of Five Harness Belts
Figure 6 above is an example which shows this symptom. This example

consists of five harness belts. The parts of the belts between the anchor points

(behind the neck of the body) and the reference points on the upper corners of
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segment number 3 are not plotted. One possible algorithm can be developed
as follows. Let the supplement point described above refer to a tangent point.
The tangent point may be found by the following formula: '

Minimize

D= (x-x)2 +(y - y2)2 + (2 - 2)?
subject to the constraints
(x1)(x /a2 + (x2)(x)/b2 + (x3)(x)/c2 = 1

(x/a)2 + (y/b)2 + (2/c)2 = 1

where

the point (x4, y4, 1) is the anchor point,
the point (xo, yo, zo) is the first reference point on the ellipsoid in

play,
The point (x, y, z) is the required tangent point.

However, the analytical solution of the minimization of equation D with
two constraints is very difficult to solve because one of the constraints is

nonlinear. Thus, the numerical solution shall be introduced here.

(B) Over the past several years, a number of changes and additions
have been made to the ATB program. Some of these changes are discussed
below.

(1) The latest ATB mode! allows additional ellipsoids for each
segment instead of only allowing one ellipsoid per each segment.
Modifications of the VIEW and ATB programs to show additional
ellipsoids as defined by the ATB program are essential and
important for the simulation. Figure 7 below is a good example to
show the drawback of the old VIEW program. This example is the

same as the input data files described on the previous section IV
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except the viewpoint is located at (1000, 10, -20) instead of (10,
1000, -20). The number 1 segment contains two ellipsoids, number
1 and number 23. However, the VIEW program does not have the
capability to draw the second ellipsoid on the same segment,
therefore, the part of the harness belt is misplotted on the top portion

of the number 1 ellipsoid.

\

W

N
\\\\\\\\\
\\\\\\

T —
—_—

Figure 7 Sample Graphics Output with Viewpoint (10, 1000, -20)

(2) In order to improve the modeling of corners and other
geometries the option to use hyperellipsoids as contact surfaces
rather than standard ellipsoids was added to the ATB model. This
optibn was originally developed for General Motors Corporation and
has been incorporated into the ATB model with their permission.
Again, the VIEW program does not have a capability to depict this

graphics option.
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INSIGHTS INTO HUMAN FACTORS IN AVIATION WITH

EMPHASIS ON NON-CANONICAL FLOW FIELDS

by
Ebo Tei, Ph.D.
ABSTRACT

In accordance with the summer research goals and objectives that were
arrived at, research effort during the 10-week period was concentrated in
two areas: (a) developing a broader perspective of the various research
activities pertaining to human factors in aviation that were of interest to
the US Air Force; (b) designing a preliminary experiment to explore the
perceptual factors that may operate during low-altitude flights in non-rigid

environments. Both these objectives were achieved.
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[. INTRODUGCTION:

Interest in this AFOSR summer faculty research program stemmed from the
recent effort of the Department of Defense (DOD) to encourage Historically
Black Universities and Colleges (HBCUSs) to participate in research efforts
pertaining to defense. Traditionally, HBCUs have not participated in such
research activities. However, in the past year, the DOD started a program of
minority set-asides. This involved a pool of money that HBCUs could
compete for through well-developed, defense-related research proposals.
The major problem was developing a proposal that was meaningful and
technically sound to DOD. ‘

My background is Experimental Psychology with specializa£ion in Perception,
Human Performance, and Information Processing. My teaching and research
experience have dealt with human factors issues. | knew the Air Force was
interested in human factors in aviation, yet when | sat down to develop a
proposal in response to the DOD program mentioned above, | realized that |
did not have any knowledge about which specific human factors problems
were of interest to the Air Force. | also did not have any background in doing
research specifically related to aviation. Needless to say it was going to be
very difficult or impossible to develop a meaningful proposal.

It was just about this time that | received the brochure on the AFOSR
summer faculty research program. It became immediately apparent that |
should take advantage of the opportunities offered by the program before

attempting to develop any DOD proposals. Subsequent investigations

1344




revealed that the Human Engineering Division of the Armstrong Aerospace
Medical Research Laboratory (AAMRL) offered the best environment to
achieve the necessary background that | needed. My summer experience has
confirmed this. AAMRL/HEF is a researcher's paradise. Besides working with
my technical focal point on visual perceptual factors in low atltitude flights,

| have had the opportunity to interact with those working in the areas of

workload and situation awareness.

H..OBJECTIVES OF THE RESEARCH EFFORT

In consultation with the technical focal point, three goals for the summer
were arrived at. Given my lack of background in the aviation psychology
area, the first two goals were designed to broaden my perspective in topics
dealing with human factors in aviation, especially as they relate to low
altitude flights. The main objectives were:

1. To acquaint myself as much as possible with the various research
activities going on in the Human Engineering Division of the Armstrong
Aerospace Medical Research Laboratory.

2. Review seminal books , published articles, and technical reports dealing
with both the role of perceptual variables in low altitude flight and those
dealing with human factors in general.

3. Design an experiment to explore the perceptual factors that may operate
during low-altitude flights in non-rigid environments--that is,

environments involving non-canonical flow fields.
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l1I._REALIZING OBJECTIVES AND THEIR RESULTS

a. Eirst objective

To achive the first objective, effort was centered on the following

activities:

1. Tours of the various human factors research labiratories within the
Division to gain insight into the kinds of research activties going on in
the labs.

2. Visit and engage in technical dicussions with the other scientists on
their ongoing research activities.

3. Attend lectures/seminars dealing with research activities and
preliminary findigs on ongoing research within the branch.

4. When feasible, arrange to attend meetings of working committees
dealing with technical and research related matters.

All of these activities were very successfully carried out. Research labs

that could be toured with no restrictions or not requiring clearance were

visited. Other scientists were very willing to share their ideas and their
current research activities in the technical discussions that | had with
them. Several lectures were attended including those on the preliminary
studies done with the data glove. Committee meetings attended included
technical discussions on the Pilot Associates' Program and Cockpit

Automation Technology Program. As a result of these activities, a greater

insight has been gained and a broader perspective has been developed

concerning the various human factors problems that are of interest to the
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. Air Force. This new insight will definately play a major role in the future

development of proposals to be submitted to DOD.

b. Second objective,

To achieve the second objective a reading list was developed in consultation
with the technical focal point.When possible, library searches were done to
track down books or journals. Several seminal books, technical reports,and
journal articles were read and discussed with the technical focal point.

Most of these readings dealt with human factors in low altitude flights. In
addition, | critically reviewed articles on egomotion and motion perception
that had been submitted for publication in journals and a book on egomaotion.
The books, journal articles, and the technical reports (especially those
coming out of the Ohio State University Aviation Psychology lab) have
further enlightened me on the field of aviation psychology. This experience

has definately enriched my background in this area.

c. Third objective,
To achieve the third objective, a preliminary experiment was designed to
explore the perceptual factors that may operate during low-altitude flights

in non-rigid environments.

Rationale,
The rationale of the experiment stems from the observation that sometimes

pilots may fly missions over non-rigid terrains. For examle, search and
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rescue missions by helicopter pilots on the sea. The waves provide a
non-rigid environment. Another instance may be a helicopter flying over a
wheatfield. The downwash of the rotating blades create a non-rigid
environment. The flow fields in these non-rigid environments are here
referred to as "non-canonical" flow fields as opposed to those in rigid,
stable environments. The question of interest was discovering the
perceptual factors or variables that operate under conditions of
non-canonical flow fields, and the extent to which these variables lead to
the detection of changes in altitude without flying into the sea or ground.
Simulation

To simulate a non-rigid environment (like the dip in a wheatfield from the
downwash of a helicopter or the troughs of adjacent waves) an equation
with simple mathematical properties was used. The equation was based on

the 'witch of agnesi’, which in symbol form, is:

2o —a
a?+y2+x2

The equation generates a surface with a bump, where
a = size of the bump
and uses the following directions/dimensions:
x : forward
y : lateral
z : height

On a flat ground, z = 0. When "a" is a negative number however, the equation
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generates a dimple on the ground. In this experiment, "a" assumed a negative
value.

For purposes of this preliminary experiment, two categories of displays

were generated on a Silicon Graphics IRIS 4-D computer. In one category, the
ground surface over which the subject travelled had a checker-board

texture, and the other category had wire-form polygons with no texture. For
each display in either category, there were three motion combinations that
could be generated:

a. The "self" travelling over a stationary dimple--"self-motion-only”

b. The dimple travelling with the "self" stationary--"dimple-motion-only”

c. Both the "self" and "dimple" travelling--"co-motion." |

For "self" and "dimple" motions, the motion could either be forward or
backward. But for "co-motion," both the "self" and the "dimple" travelled in

the same direction--both moving forward or backward at the same time. A
fourth type of motion in which the self and the dimple travelled in opposite
directions was not incorporated into the design because of some
complexities of relative motion which have not been resolved yet. Table 1
shows the different types of motions. |
Design

The proposed experiment was a 6 x 3 x 2 within-subject design, with 6

motion combinations, 3 levels of exposure duration, and 2 levels of
display-type (checkered surface vs. wire frame). Each condition in Table 1
had an exposure duration of 1, 2, or 3 seconds. Out of the six possible motion

combinations in the table, only the first two involving self-motion were
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designated as displays that portrayed a "rigid" surface , the other four as

[able 1

Self-motion and Dimple-motion Combinations

Seilf Dimple Motion Surface

1. + 0 self-motion rigid
2. - 0 self-motion rigid
3. 0 + dimple-motion non-rigid
4. 0 - dimple-motion non-rigid
5. + + co-motion non-rigid
6. - - co-motion non-rigid

+ = forward motion
- = backward motion

0 = stationary

"non-rigid." Whenever there was dimple movement, the display was
designated as portraying a "non-rigid" surface. To counteract this imbalance,
the number of instances involving "rigid" surfaces was doubled. So there was
a total of 24 conditions altogether: 4 involving "rigid" environment (with 3

different exposure durations for each), and 4 involving "non-rigid"
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enviroment (with 3 different exposure durations for each). These 24
conditions were randomly sequenced with the constraint that no two
successive trials were made up of conditions from the same category of
motion. For example, if trial 10 involved "forward" self-motion at 3-sec
exposure duration, then trial 11 could not also be "forward" self-motion

with 1 or 2-sec exposure duration. However, trial 11 could either be
"backward" self-motion at any of the three exposure durations, or any of the
other conditions involving dimple movement. There were four such random
sequences created to form one order of presentation for a total of 96 trials.
Two such orders of presentation were created. Each order of 96 trials
formed an experimental session that lasted about 12 minutes.

Procedure

On each trial of the experiment, the task of the subject was simply to view
the display and then indicate whether a particular display depicted a "rigid"
or "non-rigid" surface. The subject's judgment was indicated by pushing one
of two mouse buttons marked R for "rigid" and NR for "non-rigid”. On each
trial, the display stayed on for a designated exposure duration. At the end of
the presentation, the subject was prompted by the computer to indicate
which surface was presented. The subject had 5 seconds wihin which to
respond, so speed of response was not of the essence. Following the
response, the subject was again prompted by the computer to give a rating
of confidence in the response using a three-point scale. The subject was

required to push one of three butons also clearly marked 1, 2, and 3. The

subject had 5 seconds to do this. Immediately after giving both the




response and the confidence rating, the computer prompted the subject to
get ready for the next trial.

It was hypothesized that subjects should generally tend to see "rigid”
surfaces when display involved only self-motion, and should generally see
the "non-rigid" surfaces when there was dimple movement.

Results

While a fully complete design expefiment is in place, a full study could not
be run as a result of lack of time. A complete simulated run through of the
experiment was done to determine whether the computer program worked
the way it was designed to. The last two weeks of the summer research
period were spent in debugging the program, setting the parameters of the
various variables, and testing the various displays to see whether they

achieved their effect.

IV. RECOMMENDATIONS

The experiment described above was designed with a Silicon Graphics IRIS
4-D computer. Because there are no such facilities im my home institution,
the technical focal point and | have agreed to collaborate to run the initial
experiments and all its later phases here at AAMRL/HEF. Non-canonical flow
fields are of major theoretical interest to the technical focal point. So

while no direct recommendations of the applications of the experiment can
be made at this time, it is hoped that findings of future studies to be made
could be applied to simulator design and also incorporated into training

schedules.
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EFFECTS OF DATA ERROR ON PROBLEM-SOLVING HEURISTICS

by
Bonnie J. Walker, Ph.D,
and

David R. Harper

ABSTRACT

The effects of two levels of system failure on scientists’
and pilots’ problem-solving heuristics using the Wason 2-4-6
rule induction task were assessed, Results indicated that
@ost subjects preferred to test their hypotheses by
examining evidence which would confirm their ideas, Sub-
jects given system failure conditions were less likely to
solve the task and used significantly more tests and test
replications., Furthermore, the heuristics used to solve the
task in the current study were very similar to those used in

earlier studies which had utilized undergraduate subject

pools, demonstrating that advanced education and scientific
experience does not necessarily change problem—solving
styles,
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I. INTRODUCTION

Little is known about how knowledge of the possibility of
the random occurrence of system failure affects an opera-
tor’s problem—solving processes. If a pilot is aware that an
0il pressure warning light has malfunctioned occasionally,
indicating a problem when none actually existed <(a false
positive reading), what effect might that knowledge have on
evaluation of the current engine condition? Would the pilot
be more or less likely to check other instruments which
could rule out the possibility of an engine failure? On the
other hand, if the o0il pressure warning light did not always
come on when there actually was a pgoblem (a false negative
reading) , would this knowledge change the pilot’s evaluative

procedures?

AAMRL at Wright-Patterson Air Force Base is concerned with
decision processess under high workload conditions. Special
attention 1is directed towards cognitive functioning during
stressed conditions,. Therefore, information about the
problem-solving heuristics and biases employed by pilots and

scientists working under system failure conditions is of

interest.,

Qur research interests have been in the areas of problem-
solving and decision—-making. Dr. Walker’s work investigat-
ing confirmation bias under system failure and Mr.. Harper’s

work investigating decision processess under uncertainty
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contributed to our assignment to the AAMRL/HEG.

II. OBJECTIVES OF THE RESEARCH EFFORT:

Most experimental tasks designed to study problem-solving
processes, such as how hypotheses are discovered and tested
(i.e., Wason, 1960; Mynatt, Doherty & Tweney, 1977, 1978;
Tweney et al,, 1980), provide subjects with an ideal, error-
free testing environment. 1In reality, completely error—-free
data are rarely available, Yet, theoretical and practical
inferences are routinely made based on data which contain
varying degrees of error, One type of data error, system
failure, ‘''occurs when an indicator fails unpredictably, but
gives no sign of its malfunction' (Doherty & Sullivan, 1986,
p. 4). Data which are a function of random system failure
can contain false positive and/or false negative observa-
tions, How system failure affects hypothesis-testing heur-
istics is, therefore, an important factor in extending our
knowledge of problem—solving processes from the experimental

laboratory to more realistic situations,

Our assignment as participants 1in the 1989 Summer
Faéulty/Graduate Student Research Program (SFRP/GSRP) was to
conduct a pilot study te investigate how subjects test
hypotheses and make decisions under system failure condi-
tions. The research design was based in part on the results
of previous studies of confirmation bias and system failure
conducted by Dr. Walker at Bowling Green State University,
Bowling Green, OH, Furthermore, since most problem-solving

research has been conducted using undergraduate wuniversity
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students, it was decided that using active researchers
would provide an alternative subject population which might
be expected to differ in problem—solving skills,

II. PILOT STUDY:
a. According to Popper (1959), rational scientific inquiry

should involve active attempts to gather evidence which

might disconfirm or rule-out, rather than confirm or sup-
port, proposed hypotheses, The accumulation of supporting
evidence can never insure that a hypothesis is correct, but
a hypothesis can be eliminated by one instance of
disconfirmatory evidence. For instance, consider the hypo-
thesis, “All pilots are male'. ~ If 100 pilot records were
checked and all were found to be male, the evidence would
support, but not prove, the hypothesis. If one female
pilot’s record were found, the evidencs would diaprave the
hypothesis,

While disconfirmation might be the logically correct method
for assessing hypotheses, many studies of hypothesis—
testing using error—free data have shown that most subjects
prefer to examine evidence which was predicted by the hypo-
thesis to occur, a 'positive test (+test) strategy' (Klayman
and Ha, 1987, p. 213). The +test strategy is moszt likely to
confirm or ©provide supporting evidence for the subject’s
working hypothesis (Wason, 1960; Mynatt, Doherty & Tweney,
1977, 1978; Tweney, et al., 1980). Examining evidence which
is not predicted by the hypothesis to occur (a negative test

(-test) strategy) is most likely to disconfirm or rule-out
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the subject’s working hypothesis, It has also been shown
that the +test strategy is a useful heuristic for both
hypothesis development and establishing data reliability
before attempting disconfirmation (Mitroff, 1974; Mynatt,
Doherty & Tweney, 1977, 1978; Tweney, Doherty & Mynatt,
1981; Klayman & Ha, 1984; Tweney, 1985). Thus, Dboth
confirmatory and disconfirmatory strategies are appropriate

heuristics for developing and testing hypotheses,

Three recent studies attempted to explore the effects of
system failure on the use and effectiveness of positive and
negative test strategies in hypothesis-testing situations.
In one study, Kern (1982) compared the effects of both
system failure and measurement error on hypothesis testing

in an '"artificial universe' study. (Measurement error 1is a

partial component of input data or feedback, e.g. miscali-
bration or misreading of a measuring instrument, affecting

the reliablility of the results.) Subjects were asked to
discover the location of a north/south boundary line divi-
ding an unexplored planet by dropping imaginary creatures
from a space ship onto the planet’s surface. On one side of
the boundary line the creatures would live and on the other
side they would die, Information on whether each dropped
creature lived or died was sent back to the subject and
contained either no error, measurement error in the predic-
tor data (the location of the drop was not precise), system
failure (20% of the survival feedback was wrong), or Dboth

measurement and system failure. Subjects given system
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failure could check the survival feedback on a limited
basis to see if the data were correct, The results of
Kern’s study demonstrated that subjects given measurement
error behaved similarly to subjects given no error. Sub-
jects given system failure were reluctant to change their
hypotheses when disconfirmed by the data and more likely to

replicate only disconfirming trials.

Gorman (1986) used a group problem—-solwving task based on a
card game called '"Eleusis' to assess how warning subjects
that system failure might occur affected hypothesis testing.
The Eleusis task involved having subjects play individual
cards to discover sequencing rules about card order, such as
’Alternating red and black’. Groups of four subjects were
assigned to one of three types of strategy instructions:
confirmatory (emphasizing +tests), disconfirmatory
(emphasizing -tests), or no strategy. In an earlier study
using Eleusis, Gorman et al. (1984) had demonstrated that
groups shown how to disconfirm théir hypotheses using a
~test strategy performed significantly better than groups
either shown how to confirm hypotheses wusing a +test
strategy or given no strategy instructions. All groups were
told that '""On anywhere from 0O to 20 percent of the trials,
the feedback you receive will be inaccurate' (Gorman, 1986,
p. 89), though none of the feedback actually contained
error, Gorman (1986) found that knowing that the data might
contain error severely disrupted performance on the task,

even for subjects shown the —test strategy. All groups
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Subjects were asked to state the rule when they felt sure
they knew what it was, based on the outcomes of their tests.
If the first rule announcement w;s wrong, they c¢ould
continue to make more tests and rule announcements, Walker
found that subjects in both system failure <conditions
(informed and uninformed) used a significantly higher number
of tests and had substantially decreased solving rates com-
pared to subjects in the no error conditions. This finding
indicated that feedback error seriously disrupted task per-
formance. Walker also found that only subjects who had been
informed that system failure might occur and who received
actual error repeated tests. Thus, hypothesis—-testing heur-
istics were only affected by the test results and not by the

knowledge of a potential system failure,

While both Kern and Gorman found that subjects who knew
about the presence or possibility of system failure tended
to 1ignore disconfirming data and/or preferred to replicate
only disconfirming trials, several methodological difficul-
ties were present which could have affected interpretation
of the results, Kern did not distinguish between the psy-
chological effects on hypothesis testing of knowing that
system failure might occur and the effects of actual system
failure,. Gorman focused on group problem—solving, used a
possible (0-20%) rather than an absolute system failure
condition, did not include an actual system failure condi-
tion and did not have a no—error instructional condition,

Walker allowed subjects to query the experimenter as many
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spent a significant amount of time replicating tests to
check for error. - In addition, subjects appeared to use the
knowledge of error possibility to classify potentially wuse-

ful disconfirmatory evidence as error,

Based in part on the results of the Kern and Gorman studies,
Walker (1987) compared the effects on hypothesis—-testing
heuristics of informing or not informing subjects that sy-
stem failure might occur under actual system failure and no
error conditions, A computerized version of the Wason
(1960) 2-4-6 rule discovery problem was implemented for the
study. Various versions of the task (using error—-free feed-
back conditions) had frequently been used to evaluate the
roles of positive (potentially confirmatory) and negative
(potentially disconfirmatory) test strategies involved in
hypothesis testing under wvarious instructional «conditions
(Tweney et al,, 1980; Walker & Tweney, 1983; Walker, 1985,

1986; Gorman & Gorman, 1984; Klayman & Ha, 1985; Tukey,

1986) . The Wason task involves having subjects attempt to
discover the general number-sequencing rule, ""three
ascending numbers,' when given the sequence, ''2-4-6'", as a
positive instance of the rule, Subjects test their ideas

about the rule by trying additional sequences to discover

what fits and does not fit the general rule,.

Under the system failure conditions in the Walker (1987)
study, subjects were either informed or not informed that

feedback about their tests might not always be reliable,
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times as they wished concerning their rule guesses. This
method allowed subjects an opportunity to eliminate possible
hypotheses by announcing rules rather than by conducting
disconfirming tests, The Walker study used a constant sy-
stem failure rate of 20%, which may have been too high to
allow subjects to develop a well-confirmed hypothesis before
beginning disconfirmation, Furthermore, the results of the
Walker, Gorman, and Kern studies were based on undergraduate
subject samples. As previously noted, this type of subject
population might not have been: indicative of how experienced

observers would handle the possiblity of system failure,

b. One purpose of the current study was to compare the
Walker (1987) system failure rate of 20% to a decreased
failure rate of 10% and to explore the possibility that a
hypothesis must be well-confirmed before an error-detecting
heuristic, =such as test replication, is employed. A second
purpose of the study was to limit subjects to only one rule
announcement to insure that they depended on the test re-
sults for hypothesis disconfirmation, A third purpose of
the current study was to explore the possibility that active
researchers who are familiar with data unreliability would
have developed appropriate heuristics for dealing with such

a problem,

c. Subjects, Thirty subjects (AAMRL/HEG employee wvolun-

teers) participated in the study. The sample included ten
Ph.D.’ s, nine M.S., and M.A.’s., and eight B.S. and B.A. s,

Five subjects were between 20 and 30 years of age; 16 be-
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tween 31 and 40 years of age; five between 41 and 30 years
of age; and four between 51 and 60 years of age. There were
24 males and 6 females, All subjects were actively involved
in research at the time of the experiment, Areas of re-
search interests included biology; physics; chemistry; an-
thropology; experimental and human factors psychology; and

biomedical, industrial, systems, and electrical engineering.

Procedure. The experiment compared two levels of system

failure (10% and 20%) to a no error condition. Ten subjects

were randomly assigned to each of the following separate

groups: | (1) No Error; (2) 10% Error; and (3) 20% Error.
For all groups, rule testing was accomplished by a computer
entry of three-digits (e.g., 1, 3, 5) which the computer
compared to a general number-seguencing rule, three
ascending numbers, For the two Error conditions (10% and
20%), the programs also included a subroutine which was

randomly activated for either 10% or 20% of the data en-
tries. The subroutine reversed the ocutcome of a data entry
so that a sequence that actually fit the "ascending numbers"

rule was responded to as not fitting and vice-versa,

All subjects completed a demographic questionnaire and read
the task instructions before starting keyboard entry of
their numeric tests. The instructions included the sequence
"2, 4, 6" as an example that fit the rule and for the error
conditions, a highlighted warning about the possibility of

incorrect computer responses,
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After each three-digit keyboard entry, the subject was in-

structed to indicate whether he or she thought the test

would fit the rule,. For instance, if a subject’s first
hypothesis was ""Even numbers' and the sequence "8, 10, 12"
was entered, the screen displaved the question: "Do  vou

think 8, 10, 12 will fit the rule?'" After indicating what
he or she expected the test outcome to be, the actual test
outcome was displayed as: (1) "That sequence fits the rule'

or (2) '"That sequence does not fit the rule''.

When a subject was ready to announce the rule, he or she
summoned the experimenter, who told them whether or not the
rule announcement was correct and debriefed them concerning

the research objectives,

d. Results, Six out of ten (60.0%) subjects in the No
Error condition were able to solve the task, compared to
three out of ten (30.0%) subjects in the 10% error condition
and two out of ten (20.0%) subjects in the 20% error condi-
tion,. The difference in solving rates between the no error
and error —conditions was significant ( (1, N= 300 =
4.8, p<.05). The mean number of tests conducted by subjects

in the No Error condition was 13.7, compared to 33.7 trials

for the 10% Error condition and 35.0 for the 20% Error

condition, The difference in the number of tests conducted
between the no error and error conditions was also
significant (t = -2.891, p<.,01).

Three measures were used to indicate problem solving heuris-
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tics —-— test repetition, test result expectations, and
confirmation / disconfirmation, For all conditions, the

outcome of each non-error trial was categorized as confirma-

tory, disconfirmatory, or unclassifiable by comparing what
test outcome the subject expected ("Yes'', '"No', or ''Unsure'?)
to the actual outcome. A trial outcome was categorized as

confirmatory if the subject’s expected outcome matched the
actual outcome, disconfirmatory if the expected outcome did
not match the actual outcome, and unclassifiable 1if the

expected outcome was ''‘Unsure'.

The mean number of repeated tests in the no error condition
(0.6) was lower than the two error conditions, 10.8 and 16.7
respectively. The difference between the no error and error
conditions was significant (t = -2.657, p = .015)., There

was also a significant effect of condition on the number of

individuals who repeated tests in each condition ( ( 2, N
= 30) = 7.2, p = .02). Only 20.0% of the No Error subjects
repeated tests, compared to 50.0% of the 10% Error subjects

and 80.0% of the 20% Error subjects.

An analysis of variance among the three conditions indicated
no significant difference in the percentages of total trials
of subjects’ "Yes'' responses (F (2,27) = .5927, NS, Sub-
jects in the No Error condition indicated that they expected
45.5% of the total trials to fit the rule, Subjects in the
10% Error condition expected S5.7% to fit and subjects 1in

the 20% Error condition expected 41.6% of the trials to fit.
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The percentages of ''No'' responses among the three conditions
were also not significantly different (F (2,27) = .525, NS).
Subjects in the No Error condition indicated that they did
not expect 21.5% of the total trials to fit the rule. Sub-
jects in the 10% Error condition did not expect 13.7% to fit

and subjects in the 20% Error condition did not expect 19.9%

of the trials to fit. Similarly, the wpercentages of
""Unsure'" responses among the conditions were not
significantly different (F (2,27) = ,113, NS). Subjects in

the No Error condition were unsure of 33.0% of the trials.
Subjects in the 10% Error condition were unsure of 30.6% of
the trials and subjects in the 20% Error condition were

unsure of 37.8% of the trials.

The mean percentages of total test outcomes categorized as
confirmatory were compared across the three conditions. The
mean percentage of confirmatory trials in the No Error
condition was 52.4% as compared to 35.0% of the trials in
the 10% Error condition and 51.4% of the trials in the 20%
Error condition. An analysis of variance indicated no sig-
nificant difference in the mean percéntages of confirmatory
trials among the conditions (F (3,27) = 1,252, NS). The
mean percentage of disconfirmatory trials in the No Error
condition (14.6%) was similar to the mean percentages of
disconfirmatory trials for the 10% Error condition (20.3%)
and the 20% Error condition (26.8%). An analysis of
variénce indicated no significant difference in the mean

percentages cf disconfirmatory trials among the three
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conditions (F (2,27) = 1.707, NS).

e. Discussion. Results of the experiment were very similar

to those reported by Walker (1987) in which task performance
was seriously disrupted by system failure,. Thé percentage
(20.0%) of solvers in the 20% Error condition was only
slightly greater than the percentage (15.0%) of solvers 1in
Walker’s error condition, The difference between the mean
number of trials for the No Error (13.7) and the 20% Error
(35) conditions was also similar to the Walker findings, 1in
which subjects in the no error condition used an average of
14,5 trials compared to 28.85 trials in the error condition,
As in the 1987 stugy, only 20.0% of the no error subjects in
the current study repeated tests compared to 80.0% of the
error subjects, Similar results were also found for the
percentages of subjects’ expected test outcomes and amounts
of confirmation and disconfirmation. Thus, as Walker found
earlier, system failure affected hypothesis-testing heuris-
tics by increasing overall testing and repetition, but not
attempts to disconfirm hypotheses. The similarity of re-
sults for the two studies indicates that the difference 1in
educational background and research experience between the
two samples was not a major factor affecting subjects’
ability to solve the problem or the heuristics involved,

IV, RECOMMENDATIONS
a. The similarity of the pilot =ztudy results using z scien-
tifically sophisticated sample as compared with the Walker

(1987) undergraduate sample 1s gquite surprising, However,
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it should be noted that many subjects, after hearing about
the purpose of the study during debriefing, commented that
they were conceptually aware of how hypotheses should be
tested and eliminated using disconfirmation. Why the stra-
tegy was not wusually implemented during the task 1is not
clear, It may be that the task is not seen as analagous to
scientific experimentation. Since 1t was not possible using
the pilot study’s data collection technique of direct key-
board entry of sequences and expectations to thoroughly
analyze what subjects were thinking, the guestion must re-
main unaswered, It is recommended that future investiga-
tions of the effect of system failure on hypothesis-testing
should, therefore, 1include prompts during the task to
motivate the subjects to keep track of their ideas and a
comprehensive protocol analysis study in which subjects

"think aloud' while solving the task.

b, Since the Wason 2-4-6 task has repeatedly shown confir-
mation bias, development of several new experimental tasks
involving the same type of hypothesis—-testing technique and
combined with system failure is imperative, Several inves-—
tigators (Gorman & Gorman, 1984; Klayman & Ha, 1989) have
used numerical and nonnumerical domain variations of the
original 2-4-6 task with similar results. The question
that has not been answered by these versions of the task is
whether or not the effects of system failure will differen-—
tially affect problem-solving heuristics acroszs numeric and

nonnumeric domains.,
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Software Development to Support Data Collection and

Analysis of Cognitive Task Analysis Studies

by
Christopher Bell Ron VanEtten

ABSTRACT

The Air Force Human Rescurces Laboratory (AFHRL) is engaged
in a series of projects to capture expert knowledge and
strategies to facilitate training of novices and to hasten
the acquisition of expert level skills. The summer project
has developed scftware to automate and simplify the capture
and analysis of Precursor / Action / Result /
Interpretation (PARI) data (both text and graphics) by the
AFHRL personnel. An existing standard software package
(dBASEII[+) has been modified, significant extensions made
to the available knowledge base concerning aspects of this
package and new software modules created and tested to
achieve this automation. A hypertext system was evaluated
to permit the analysis of data across problem domains. The
project has demonstrated the utility of dBASE 111+ as a
file management system for complex tile interactions in a
portable computer environment.

Work in applying expert system strategies for automating

the analysis stage and in the hypertext based extraction of

o

scommon themes will lead to further increases in the

productivity of AFHRL researchers.
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I. Introduction:

High gquality maintenance is critical to the modern aircraft
system. This maintenance is performed by personnel of
varying levels of experience and expertise using
sophisticated test equipment. As weapons and support
zsyastems have become more complex, a larger share of the
routine support procedures have been automated. This has
tremendously reduced the ratio of service to air time for
new systems. One negative effect of this automation has
been the loss of opportunities tfor the development and
extension of skills by maintenance personnel.

Learning opportunities for apprentices have also
disappeared as routine tasks have become automated.
Increased complexity and improved system reliability have
simultanecusly increased possible sources of malfunction
while decreasing practice opportunities for fault
isolation. This has lead to a great increase Iin the time
required to achieve expert status. Personnel spend a
significant part of their tour becoming skilled in tasks
for which their is a high commercial demand. Attrition of
the most skilled personnel to private industry and DOD
contractors, loss of expensively acquired knowledge and
increased maintenance costs due to lower quality and le=ss
efficiently performed work are some of the side effects of
this shift toward automation.

The Basic Job Skills (BJS) program represents an etffort by

the Air Force to overcome the negative =ffects of increased

n
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automation on maintenance personnel. One segment of the BJS
program involves the capture of interactions among experts
in structured problem solving activities using a Precursor
/ Action / Result / Interpretation (PARI) methodology to
generate insights into trainable skills. These insights are
used to generate computer based tutors to improve the
functioning levels of less experienced personnel.

A goal of the BJS program is to: 1) identify common job
zskille within and across advanced weapons systems to
increase mental adaptiveness and skill generality among
maintenance personnel while 2) accelerating the rate of
skill development with training that is tuned to problem
solving skills based on the principles of apprenticeship
learning (Gott, 1988). Our task this summer has been to
develop software which will aid in the identification,
classification, and subsequent analysis of theseAexpert
skills in the context of PARI cognitive task analysis
studies.

The methodology to achieve this is linked to identifying
the components of expert problem solving. At present this
involves a series of sessions where expertise can be
captured through transcriptions and sketches as it i3 being
demonstrated. After the initial problem is solved a series
of rehash sessions are used to explore alternate solution
avenues that were considered but rejected by the expert.
The expert's solution paths are subsequently evaluated by
-independent experts. These sessions result in a large

number of transcribed responses by multiple experts to
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varied problems, i.e., PARI records. Thése records serve as
the raw material to be used to study problem solving
expertise leading to improved training in the skill areas
reviewed.

Fresently, the PARI records are generated manually. A
researcher interacts with an expert dyad and records
responses to problem solving scenarios. Subsegquently, the
PAR! data are standardized and distilled where appropriate
(still manually). Among the outcomes of this is a series of
statements made up of common actions and equipment
componentg being acted upon. For example, comman actions
would include swapping cards, reseating cards, taking DC

voltage measurements, and so forth. The standardized

n]

for

U]

actions and equipment objects provide the basi
groupings and other compilations across problems that occur
in subsequent PARI data analysis.

II. Objectives:

Our summer task was to produce software to support the data
gathering and analytic tasks. The software to be developed
needed to prévide pagy data gathering during the interview
sessions. Once the data had been gathered, the system had
to be robust enough to protect the original data and the
extracted information. |t needed to provide opportunities
for the application of expert system-based automated
analyses and hypertext extraction techniques. User training
ar satisfactory prompting mechanisms were seen as

necessary. During subsequent discussions with AFHEL
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personnel, an interest was expressed in having software
developed which would be appropriate for a study of the
mizsconceptions of novices. A further request was made that
an interface to the file manipulation software be created
which would permit the user to enter data using a common
word processing software (i.e.; PC-WRITE).

I1l. Restrictions:

In the delivered software, PARI data is entered directly
into the software during the protocol sessions and then
analysed within the framework of an automated file
management structure. The software needed to be usable in
the fleld and developed within the resources and
restrictions available to the AFHRL personnel.

The majority of the data gathering {s done using experts
located at active air bases. The software system was
developed to operate within the restrictions imposed by the
use of available Air Force portable computer systems. At
present, the only approved portable computer is the Zenith
248 operating under MS-D0S, using a B0C86 microprocessor,
no numeric co-processor, an internal twenty megabyte hard

drive and single micro-floppy of 720 kilcbyte capacity.
IV: General Software [ssues

There were several motivations and restrictions shaping the
development of the software. The development team agreed
that a commercial data base package would avoid many of the

problems associated with maintaining custom developed
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software. The research team needed a robust file handling
package able to provide integral word processing
capabilities. In addition, the software had to be developed
within an MS-DOS environment and not require the use of
extended memory features. The package must minimize the
likelihood that the users would be able to damage data or
file components accidentally. The software data entry
modules, at least, would need to be operable within the
restrictions of a portable computer environment. The uzers
requested that data analysis be facilitated by the ability
to. easily transit from one set of problems to another,
using commonalitigs in the data to provide linkages across
the various files.

Given the above interests and restrictions, the development
team chose to work with Ashton Tate’s dBASEIll+ and the

programming language Turbo-Pascal. DBASEIIIl+ is a highly

nt

M

regarded and commonly used data base file managem

system. The Pascal language is commonly taught in academic

stablizshesd

hd

computer training programs and thus has a large
base of programmers. It was felt that support for the
maintenance of the software produced would be readily
available. Many of the special features requested by the
research team could be implemented using speclial programs
and modules written using Turbo-Pascal.

Given the anticipated size of the various data elements, it
was decided that the best alternative was to use the memo
fields available under dBASElll+. The choice of memo fields

136-8




gver the other alternatez available was dictated by the
integral word processing capability, the capacity of memo
fields for storing data, and the ease with which memo
fields can be manipulated within dBASE.

A difficulty with using memo fields is that the published
material did not provide information concerning how the 51Z
byte storage segments are linked within the memo field.
Several of the software extenszions belng planned would

require that new memo fields be created independently of

L

the dBASE software. To achieve this it was necessary to
determine the linking technique used by dBASEIIl+ examining
the addressing structure used by the database designers to
aszgocliate the Individual 512 byte memory segments into the
larger memo fields. Once this information had been
extracted from an analysis of the hexadecimal code
structure used in the header areas, it was possible to
develop and manipulate memo fields usable by dBASEI[I+ in
any external program module. The exact procedure to achleve
this will be published later.

V. Graphic issues:

Each of the PARI| sessions has the problem solver sketching
the components and their relationships as well as
discuszing them as part of the solution process. Text
capture and subsequent manipulation within a commercial
data base is routine. Graphics capture for subsequent
analysis and manipulation is much less routine. The AFHRL

research team wished to be able to record the expert’'s
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sketches as they were created, link them to the aszoclated
text, and then be able to extract them without limitation
when needed.

The research team also desired that the software for this
operation be simple to use, able to fuﬁction within the
portable environment, and not interfere with the data
gathering environment. The integration of text and drawings
for analysis has required that the graphics software be
rigorous enough for use in the field, easily mastered by
either the subject matter expert or the members of the
research team, and provide for easy capture of data. A
further goal for the graphics software was that the files
be either compact in size initially or easily compressible
to facilitate storage énd subsequent display.

The development team had planned to construct a set of
graphic icons which could be used to reproduce the expert’s
drawings. Such a set of standardized elements would have
permitted additional levels of analysis by the users and
potentially by searching procedures.

The development team did not attempt this aspect of the
project because of the anticipated time required for
satisfactory resolution. As a temporary solution a simple
drawing package has been adapted to the user’s
requirements. [t produces files which integrate well with
present text file handling procedures and which are
compressable to permit up to forty images to be gtored on
the data disk. This package provides sufficient flexibility

to achieve all of the elements of drawings which the
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research team has observed. Either the expert or a member
‘Df the research team may use the chosen package for
entering the graphic information. Pilot testing of this
package has indicated that the software can be quickly
learned (approx. 15 min. for the least competent subjects).
Data compression software for the files produced by the
graphics package have been outlined for coding if reguested
by the research team. For subsequent aﬁalysis the graphics
images may be displayed in the portable environment or on

syatems avalilable to the researchers in their office

environment.
Vi. Software produced:

The software has been designed so that a variety of

manipulations and abstractions of the PARI data can be

[}

performed within the socftware package. Frovision is also
made to add new data items associated with the original
problem.

Specifically, processes are available to the analyst in the
software for general editing functions, for navigation
through the data fields, and for maintaining an overview of
project data. Additional processes are avallable to enter
raw data steps, alternatives to the Result and
Interpretation elements of the raw data steps, alternatives
to Action elements, and alternatives to Precursor elements.

All of the entries are linked with the originating problem

and have provision for abstraction across several probiems
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and categories.

Critical to the success of the software package is that a
rgbust file management system be used to maintain the very
complex interplay of the components of the transcriptions
and their interpretations. While an independent set otf code

could have been used for this, the research team felt that

the advantages to such an individualized package were
outweighed by the signiticantly inceased costs of
maintenance to the system. Ashton-Tate's dBASEIIlI+ was

chosen because of the availability of support personnel,
widespread documentation of most functions, and its ability

to meet the anticipated file management requirements

m

implicit in this project.

By using external modules written in Pascal, the functions
required of the software could be achieved or made to run
zignificantly faster than would be the case if dBASElIIl+’s
routines were used. We have arbitrarily accepted the
microfloppy capaclty as the target maximum for data
generated by the software during the typical FAR] sessiaon.
A hypertext-based concept structure has been examined to
automatically create linkages between the various problem
steps sharing similar action statements. [f implemented,
this structure will enable the analyst to automatically
associate and subsequently examine all records relevant to
a given concept and associated by one or more critical
termz selected by the analyst or drawn from pre-entered
word lists.

It is important that the file generation and manipulation
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be essentially transparent to the research team.
Significant effort was directed to producing file
interfaces which require little or no user knowledge of the
zystem. Because of the request for data entry through an
external word processor, a great deal of programming effort
‘has alzo been directed toward protecting the data files

during the initial collection period.

VIi. Present status:

At present the filile manipulation software has been

Iy
]
3
[
il

completed and tesped. The data collection procedures
achieved using either the internally provided data
collection software or through the use of the external word
processing software. Graphics items can be entered by the
expert at the time of the PARI session or subsequently
transcribed from the expert’s notes by a member of the
research team. Under the control of the researcher, all of
the PARI sessions or any subset of the sessions can be
displayed completely, or any specific step or stage within
a step over all or over any subset of all of the problems
may be displayed.

The entire data gathering, analysis and presentation

10

package has been demonstrated on the portable computer
system described in the body of this text. [t has also been
demonstrated on a more powertul machine availablie to the
regsearchers within their office environment.

Software to use in a misconception analysis has not been
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independently developed. A software package from the
MaxThink Corporation was identified and presented to a
member of the research group which had the capabilities
requested for the misconception analysis. There was
insufficent time to develop software specifically for this
aspect of the research interest. The senior member of the
development team would encourage tﬁe development of this
software.

The hypertext software was prototyped at the screen
interface level. There was insutficent time to further
develop this aspect of the project. Both members ot the
developmeﬁt téam stronély encourage further wark in this
area.

The graphics package could be extended to permit automated
searching and analysis procedures. Development work is
being conducted on analyzing images and abstracting the
result for further manipulation. In addition, file
compression programs may be created which will reduce
storage requirements for the graphics files. Further
development could be directed toward either the creation
and subsequent use of a set of icons for the graphics
gsegment of the data gathering / analysis period, or more
sophisticated software could be developed for abstracting
and analyzing images and components of images already

tored using the graphics capability provided in the

t

t aoftware. Both members of the development team

r

C
[

2

[a]

strongly encourage further work in this area.

The analysis process of the data shows promise of
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benefiting from automation using avallable expert system
ﬁevelopment techniques. A continuation of the summer
project examining the analytical techniques with the goal
of automsation 1is eﬁcauraged by both members of the research

team.
VIiiIl. Recommendations:

The socftware déveloped during this session provides the
research team with the ability to enter data using either a
highly structured set of prompts and fields or a2 word
processor with a predefined file organization. Unce the
text material has been entered, a series of dBASEIIlIl+
programs capture the text components, organize the entries
into a serles of tfiles for management purposes, provide
linkages to similar components in other problems, and allow
for subgsequent analysis at the researcher’s specification.
Opportunities to print or display needed information are
provided with screen prompts.

At present, the software is provided.with a copy ot
dBASEIII+ under the control of the senior researcher. The
users will need to purchase a copy of dBASEIIl+ from the

Ashton-Tate organization prior to applying the software.

U]

It is the recommendation of both authors that observation
of the data collection process done at Eglin Air Force
Base, Florida be provided to facilitate any additional
changes In the software which will assist data collection
in the future. Further, support for implementation of the
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hypertext data management system and tor development
efforts in applying automated classification software to
the raw data being collected will resuit in improved
efficiency for data analysis.

The graphics portion of the data is presently managed
seperately from the text. Integration of the two would
simplify the analysis of PARI data. This integration will
require the purchase and implementation of "windows®
oriented display software and hardware (graphics card,
monitor, mouse, internal memory) able to support this
capability. The senior author suggests that this option be

explored by the members of the analysis team for thelr use.
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Computer-based training for complex. dynamic tasks.

by

Kevin B. Bennett

ABSTRACT

For a variety of reasons the Air Force is interested in improving the efficiency
and effectiveness of programs for training personnel to perform complex, dynamic
tasks such as those found in the command and control environment. This report
describes a research and development (R&D) program that was initiated to
investigate issues in computer-based training for dynamic tasks. R&D completed
during the USAF SFRP includes the design, implementation, and initial analysis of
two experiments and the continued development of a part-task trainer. This
development includes the design of an integral display, an animated functional mimic,
an enhanced learning environment, and the incorporation of the part-task trainer into
a "windowing" environment. The report also briefly describes proposed R&D for the

AFOSR RIP.
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I. INTRODUCTION:

Personnel training is a major concern to the Air Force and it is clear that
discovering principles of instructional system design and instructional strategies to
improve the effectiveness of training programs would be a benefit to the Air Force.
One alternative that has the potential to make the training process more effective and
less costly than the standard approach to instruction is computer-based training.
(Kearsley, 1987; Polson and Richardson, 1988; Psotka, Massey, and Mutter, 1988).
One particular type of training system has an especially pronounced potential to
improve the cost-effectiveness of Air Force training programs: those that incorporate
mathematical simulations that replicate the behavior of complex systems and/or
scenarios. This is especially crucial to the Air Force because there is the expectation
of inordinately high losses during first time combat engagements. There are obvious
difficulties in attempting to train personnel for these situations, including cost and
safety factors. With learning environments that simulate critical situational factors
that characterize combat engagements, Air Force personnel could be provided with
hands-on experience that is otherwise not available: the trainee could make the
inevitable mistakes with a computer simulation rather than an adversary. Thus,
personnel could be trained to a higher state of readiness, thereby reducing loss of life

and equipment.

‘During my appointment in the United States Air Force Summer Faculty
Research Program (USAF SFRP) I worked at Air Force Human Resources
Laboratory (AFHRL) Ground Operations Branch under the Logistics and Human
Factors Division at Wright-Patterson Air Force Base (LRG). One of the primary
concerns of this laboratory is to develop training simulations for the areas of command

and control, logistics, and air defense. At a high conceptual level these domains are
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characterized by a number of issues, but the single most characteristic feature is that
they are dynamic in nature. Dynamic domains of application are distinct from other
domains by the fact that the goals to be accomplished are constantly changing as a
function of the operational context. Unfortunately, most of the research on computer-
based training has been conducted with static environments and there is a

pronounced need to investigate computer-based training in dynamic environments.
II. OBJECTIVES OF THE RESEARCH EFFORT:

During the ten-week USAF SFRP appointment I continued working on a
research and development (R&D) program which was initiated to investigate issues
that will contribute to the effectiveness of compuber-based training in dynamic
environments. This R&D program is of direct interest to the AFHRL/LRG
laboratory, and the Air Force in general, because of the similarities between and the
domain of application being investiga.ted (process control -- a nuclear power plant)
and the domains of interest to the AFHRL/LRG (command and control, logistics, and
air defense). The high-level abstract properties are exactly the same: both are
dynamic, event-driven worlds, where individuals control complex systems with a
large number of highly interactive parts, where individuals must collect and evaluate
large amounts of potentially noisy data, where individuals must monitor highly
automated subsystems, where individuals must effect and revise operational

procedures, and where there are serious consequences for performance errors.

For several years now myself and my colleagues have been involved in an R&D
program investigating issues in computer-based training in the domain of process
control, and, in particular, for a task that has proved to be difficult for operators in a
nuclear power plant to perform: the manual control of féedwatcr. A high-fidelity,

part-task trainer that runs on a Sun Engineering Workstation has been developed to
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simulate a portion of the power plant and this part-task trainer is used as an
experimental testbed for the evaluation of instructional aids and strategies. During
the USAF SFRP appointment my goals were to continue development work on the
part-task trainer and to conduct experiments on the training aids that were

developed.

III. RESEARCH AND DEVELOPMENT PROGRAM

The research and development program for training personnel on the manual
control ofv feedwater task is based on a rigorous approach to the design of
computerized instructional environments. This program is divided into roughly four
phases, and each will be described briefly. Phase I consisted of a cognitive task
analyksis of the ﬁahual control of feedwater task, the development of the mathematical
models that simulate the behavior of the steam generator, and the development of
graphic displays (Roth, Woods, & Gallagher, 1986; Bennett, Roth, & Woods, 1986).
The goal of Phase II is the evaluation of the graphic displays that were developed in
Phase I, as well as the development and evaluation of additional enhancements to the
part-task trainer. The goal of Phase III is the evaluation of part-task trainer design
and instructional strategies that will effectively teach the learner to complete the
entire start-up task, rather than the narrowly-defined manual control of feedwater
task. The goal of Phase IV is to design and evaluate an intelligent tutoring system
for this dynamic environment. Both the R&D that was accomplished during the
USAF SFRP and the R&D that is being proposed for the AFOSR RIP falls in Phases
Il and III. The experiments that were completed, and the development that was

completed will be described in greater detail.

USAF SFRP EXPERIMENT
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The predictor and the steam/feed flow displays that were developed in Phase I
of the R&D program were evaluated in a preliminary experiment during the USAF
SFRP. The goal of the study was to evaluate the extent to which the predictor
display and the steam/feed flow meters assisted the learner in completing the manual
control of feedwater task (relative to the baseline that operators have in the real-
world version of the task). The part-task trainer was used in the experiment and the
interface was similar to Figure 2. The predictor display appears in the top trend
display and the steam/feed flow meter appears below, in the lower trend display.
Although the displays appear together in Figure 2, during the experiment the subjects
saw the baseline condition, the baseline plus the predictor, and the baseline plus the
steam/feed flow meter seperately during twenty segment time intervals of an

experimental session.

Method

Subjects. Six volunteers (two females, four males) from a government research

laboratory participated in the experiment.

Stimuli. A part-task simulator was developed on a Sun-4 Microsystem
Workstation. The part-task simulator was designed to reflect those aspects of the
real-world task that make it difficult. The underlying model replicates the dynamics of
a single nuclear power plant steam generator with high functional fidelity through the
use of differential equations. The simulation incorporates the influence of a number of
factors on the actual steam generator level, including steam flow, feed flow, rate of
power, and temperature. The steam generator dynamics can be adjusted to represent

a wide variety of existing steam generators.

The rate of feedwater was under the control of the subject, whose task was to

adjust this rate (by pressing one of two keys on the keyboard) with the goal of
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keeping the actual steam generator level between the upper and lower trip set
points. The level of the reactor power and the temperature of the feedwater remained
fixed throughout the experiment. The starting position of the steam generator level
was randomly determined between 30 and 70%. Changes to steam flow were
introduced, under program control, to produce the primary challenges to the subject.
The steam flow rate was altered in two ways on all trials: 1) continuous
adjustments, and 2) disturbances. Continuous adjustments refers to the fact that the
rate of steam flow was constantly changing due to contributions from three sine
waves and a ramp. The second variation produced in steam flow did not happen
continuously, and instead was a result of random changes, or disturbances, in steam
flow. The number and size of these disturbances varied as a function of the time of
the experimental trial, which could last for as long as 5 minutes. The effect of the
programmed changes in the rate of steam flow was to produce an experimental trial
that constantly changed and became progressively more difficult as the trial
progressed. The primary dependent measure was the time before the upper or lower

trip set points were surpassed.

The interface to the part-task trainer varied as a function of the experimental
condition. The baseline condition (conditions approximating the information that
operators have in the real world) consisted of two "trend" displays that were
constantly present in the interface. The value of the variables, on a scale of 0 to
100%, are plotted on the vertical axis and trial time, on a scale of 0 to 5 minutes, is
plotted on the horizontal axis. The displays consisted of two major sections: a current
value for each variable, and a history of the values for these variables across the trial.
The present value of a variable is illustrated by a diamond in the small rectangle on

the right-hand side of the displays, as illustrated in Figure 2. Historical information
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about the changes in those variables is shown in the larger rectangle to the left of

this, containing lines and fills and covering the majority of each display. The displays
were updated with information from the model every 2 seconds and random noise
ranging from -2% to +2% was added to the value of each variable displayed (these
changes were not added to the model, only displayed to the subject). In the upper
trend display (the "level" trend) the actual value of the steam generator level was
always shown, along with horizontal red lines indicating the upper and lower trip set
points (77% and 20%, respectively). In the lower trend display (the "flow" trend) the
reactor power was always shown. Together, this information approximates that
which nuclear power plant operators actually have in the real world and constitutes

the experimental baseline condition.

This baseline condition was augmented with two additional‘pieces of
information: the predictor display and the steam/feed flow display. For the steam/feed
flow condition the rate of steam flow and rate of feedwater flow were obtained from
the model and displayed in the flow trend (the lower trend display). For the predictor
display condition a predicted value for steam generator level was displayed in the
level trend display (the upper trend display). Although Figure 2 illustrates both the
steam/feed flow and the predictor display together, the subjects in the experiment

never saw both pieces of information at the same time.

Apparatus. All experimental events were controlled by a general purpose
laboratory computer (Sun Microsystem 4-110 Workstation). Subjects were seated in
an enclosed experimental room and a video monitor (16" color with 1152 by 900

resolution) was used to present experimental prompts and to record user responses.

Procedure. The experiment was conducted during a two-week period with one

experimental session per day (lasting one hour), for a total of ten sessions. In all
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sessions the user’s task was to increase or decrease the rate of feedflow by pressing
the appropriate key on the keyboard. Each trial could last up to 5 minutes and ended
either when 5 minutes had elapsed or when the steam generator level surpassed
either the upper or the lower trip set point. In each session the user experienced all
three experimental conditions: the baseline, the baseline plus the predictor display,
and the baseline plus the steam/feed flow display. The order of these conditions was
randomly determined and the conditions were switched at twenty minute intervals,
producing the same amount of experience with each display. In summary, the
experimental design contained 4 independent variables (starting position of steam
generator level, day of experimental session, type of trial, and display condition) and
one primary dependent variable (time-on-task, or latency). Latency was recorded at

1/100 second accuracy.

Results

Since the experiment was completed on Aug. 11 a simple data analysis has
been performed. The latency scores for starting position of steam generator level and
the type of trial were averaged, examined, and since no noticeable differences were
evident these variables were not considered in the analysis. Three latency scores
(one for each display condition) were computed for each subject during each
experimental session, for a total of thirty scores per individual. A 3 x 10 repeated
measures ANOVA was performed on these scores. The main effects of day
F(9,45)=4.62, p<0.000 and display, F(2,10)=12.18, p<0.002 were highly significant,
while the interaction between display and day F(18,90)=1.69, p<0.055, was nearly
significant. The means for the three displays are illustrated in Figure 5. A one-tailed
t-test indicated that the differences between the predictor display and the baseline

(obtained difference = 29.27) and the steam/feed flow display and the baseline
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(obtained difference = 35.45) were significant (critical difference at p<.05=13.91 sec),
while the difference between the predictor and the steam)feed flow displays (6.18

sec) was not significant. Itis clear that both the steam/feed flow meter and the
predictor display enhanced performance, relative to the baseline condition, at the

manual control of feedwater task.
USAF SFRP DEVELOPMENT

During the USAF SFRP appointment I also completed several enhancements to
the the part-task trainer. This developmental work included the translation of the
interface software to run in a windowing environment, the development of two

additional graphic displays, and the development of an initial enhanced learning

~ environment. This development work will be described in greater detail.

Animated Functional Mimic

The first enhancement to be described is an animated "functional mimic." This
graphic display is represented in Figure 1 (due to the monochromatic limitations of
the word processing system only the outline has been shown). This display
incorporates both flow rates and colors which change as a function of the system
state, and was designed in the spirit of the STEAMER project (Hollan, Hutchins, and
Weitzman, 1987). It is designed to provide a "simultaneous graphic explanation” of
the complex process that the student is learning to control. The animated functional
mimic is a high level conceptualization of the subsystems in the nuclear power plant
that are critical in the manual control of feedwater task. The connections between
these subsystems are animated and color-coded to illustrate the flow of resources
between them. For example, if the user increased the rate of feedflow this would be
visibly illustrated by a change in the speed of the animation in the secondary loop

between the turbine housing and the steam generator. This would be followed by a
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shrink effect in the steam generator, illustrated by a momentary decrease and then a
gradual rise in the graphic fill inside the representation of the steam generator. The
animated functional mimic should provide users with a high-level conceptual

explanation of the manual control of feedwater task.
The Enhanced Learning Environment

One of the major enhancements to the part-task trainer was changing the
interface to work in the "windowing" environment on the Sun Workstation. This was
desirable because the windowing environment contains pre-defined, high-level
interface conventions (e.g., menus) and multi-tasking capabilities. Using these tools
an enhanced learning environment for the manual control of feedwater task was
created which allows critical task variables to be changed interactively. The revised
interface to the part-task trainer is illustrated in Figure 2: the displays appear in a
pop-up window with three buttons (Run, Init, Quit). Selected model parameters can

be changed if the user clicks on the Init button (see Figure 3).

The enhanced learning environment is an attempt to provide the learner with
graphic representations and explicit tools that will make it easier for he/she to learn
the manual control of feedwater task. The enhanced learning environment will utilize
the graphic displays that were the focus of Phases I and II. The trainee will have the
capability to actively explore a domain, and in some cases to perform learning
experiments. For example, the student will have the capability to make successive
simulation runs while systematically varying a single variable (e.g., feedwater
temperature), or successive simulation runs to observe the interaction effect between
two variables. The trainee will also have the capability to vary the rate at which the
simulation runs ("'step-by-step” or "fast- forward") and to "rewind" the simulation

to return to the point at which control of the system was lost, and attempt an
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alternative control strategy.
Integral Display

An additional display that was developed during the AFOSR SFRP is an object
display that integrates information from four variables (steam flow, feedwater flow,
steam generator level, and predicted steam generator level) into a single graphical
object (see Figure 4). This display was designed was designed to portray the data
relationships that should be communicated to the user. In the manual control of
feedwater task the important relationships are the difference between actual and
predicted SGL, and the difference between steam flow and feedwater flow. To
effectively complete the task the user must consider these differences to determine
the c;ptima_ll con_trol strategy and the integral display communicates this information to
the user. The values for actual and predicted SGL are plotted on the Y-axis; the
steam flow rate and the feedwater flow rate are plotted on the X axis. Where the
values for the 4 variables intersect inhthe display grid a rectangular shape is drawn,
and the sides of the rectangle are color-coded to reflect the relative values of the four
variables. Both the size of the rectangle and its position within the display grid
change as a function of the underlying variables. For example, if the steam flow and
feed flow were equal the result would be a very small rectangle. If the rate of feed
flow was increased the rectangle would become elongated in both axes (but
‘predominantly in the X-axis), and would begin migrating upward in the Y axis. This
display integrates important variables and their relationships in a single integrated
graphic object and makes the relationship between these variables graphically

explicit.

IV. RECOMMENDATIONS: PROPOSED RESEARCH FOR THE AFOSR RIP
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Research is proposed for the AFOSR RIP in each of the three development
areas just described. The major technical problems in each area were solved during
the USAF SFRP, and I have two graduate students who are interested in one of the
areas for a thesis topic. Thus, although the proposed research is ambitious, I believe
that significant work in all three areas will be accomplished during the RIP. The

proposed research in each area will be described.
Animated Functional Mimic

In part-task trainers and simulators there are at least two primary ways that
the graphic displays such as the animated functional mimic (Fig. 1) can aid in
conceptualization and help facilitate the development of appropriate mental models.
One way is to provide representations of a complex system at a number of different
conceptual levels (Rasmussen, 1986). In the past, understanding the plant from
these various perspectives, and the ability to shift between these perspectives as a
function of task demands, was developed only through long periods of experience with
the system. When combined with graphic displays a simulator or part-task trainer
can be used to explicitly provide these perspectives (Hollan, Hutchins, and
Weitzman, 1987). A second way that a part-task trainer with graphic displays such
as the animated functional mimic can promote a deeper conceptual understanding of
complex systems is through a continuous graphical explanation of the process
dynamics (Hollan, Hutchins, and Weitzman, 1987). This is especially important for
learning about highly complex and interconnected systems such as nuclear power
plants and command and control environments. In this type of system a myriad of
events are occurring simultaneously and it is virtually impossible to explain these
events through language (because of its inherently serial nature). By contrast, high-

resolution graphic displays can provide a simultaneous graphic explanation of the
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system: the student can see the important systems and subsystems and the flow of
information or resources between them. It is predicted that the animated functional
mimic will assist the user in understanding the complex system interactions that

make the manual control of feedwater such a difficult task, encourage the development
of an appropriate mental of the process, and therefore improve performance on the

task.
Integral Display

Previous research on integral displays has concentrated on two issues in the
integral versus separable display of data: 1) a benefit to decision- making when the
variables must be considered together, and 2) a cost when decoding information about
the value of individual variables. The first issue is currently being investigated in a
second experiment at AFHRL/LRG. The study is designed to see if the integral
display shown in Figure 4 can improve performance in the manual control of feedwater
task. Five of the six subjects from the first USAF SFRP experiment participated in
the second experiment. Recall that although these subjects interacted with both the
steam/feed flow and predictor displays, they did not see both displays at the same
time. In the second experiment the users will see both the steam/feed flow and
predictor information at the same time, but they will see that information in different
formats: integral and separable. Itis predicted that the integral display of information
will improve performance on the task. Additional experiments using a between-
subjects, rather than a within-subjects design, are planned to supplement these
initial results. To investigate whether or not the integral display incurs the cost that
has been previously reported, a second type of experiment is proposed. Consistent
with previous research, the users will be checked for their knowledge about the

values of the individual variables that were used to construct the integral display.
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During the course of a trial the screen will be blanked and the user will be asked to
estimate the value for a parameter. It is predicted that the costs related to the

decomposition of the integral display will not be incurred.
Enhanced Leaming Environment

The use of the enhanced learning environment as an instructional tool raises a
host of complex instructional issues. The goal of Phase III is to determine those
aspects of both simulator design and instructional strategies that contribute to the
most efficient acquisition of skills on the start-up task. What is the most effective
use of the tools that the environment provides? Should the learner be required to use
each of the the tools and the informational displays that are provided? If so, should
there be a paniéular sequence? One end of the spectrum of instructional strategies
can be considered a strictly regimented sequence of training activities. Training at
this end of the spectrum is likely to be ineffective, due to the passive role assigned
the learner. At the other end of the spectrum is unstructured discovery learning. In
this approach a trainee is provided a computerized learning environment and
encouraged to explore the domain with very limited or no guidance. At this end of the
spectrum training is likely to be ineffective because there is no guarantee that the
learner will utilize the tools that are provided in an optimal manner, and no guarantee
that the important concepts will be learned. Somewhere in the middle of the spectrum
lies what might be considered "guided discovery learning.” In this approach the
trainee is encouraged to actively explore a domain, but is also provided with
sequences of events that are likely to illustrate fundamental concepts that must be
learned. The use of the enhanced learning environment and alternative instructional

strategies will be the focus of this area of research.
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SUMMARY

The R & D program that has been described in this proposal will provide
information that can be used to improve the efficiency and effectiveness of programs
to train personnel to perform complex, dynamic tasks. The similarities between
process control, and command and control environments are such that the findings will
transfer directly, with immediate benefits for AFHRL/LRG. From my discussions
with AFHRL/LRG personnel and my observations of the systems being developed, it
is clear that we share an common interest in a number of issues. The USAF SFRP
resulted in the completion of two experiments and the continued development of the
part-task trainer. The proposed RIP research will provide information for the effective
design of computerized training programs for complex, dynamic tasks including
methodological procedures (including transfer-of-training procedures, time-on-task
issues, and enhanced learning environments), graphic displays (animated functional
mimic, integral displays), and instructional strategies (discovery learning, guided

discovery learning).
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Working Memory and Cognitive Structure

by

Kathryn F. Cochran

A1 1tc)e Horton
stract

The research described in this report -was designed in the
context of the Learning Abilities Measurement Program conducted at
AFHRL, Brooks AFB, Texas. The goal of this research was to
investigate the influences of working memory and prior knowledge
on the development of conceptual information stored as declarative
knowledge in memory, and it is based on the theoretical conceptions
of working memory developed by Baddeley and Anderson, and
advances in the measurement of this construct made at AFHRL. A
modification of Novak & Gowin's concept mapping procedure was
developed for computer presentation, and was used as pretest and
posttest measures of conceptual understanding in a test battery with
five measures of working memory.

Due to unforeseen software incompatibility problems, the data
analyses for this research are incomplete. The process of
transferring floppy disk information to the mainframe computer at
the University of Northern Colorado was more complex and time
consuming than expected. This report was delayed as long as
possible, but these problems could not be resolved before Oct. 1. A

complete final report will be submitted as soon as possible.
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I. INTRODUCTION
a. Theoretical Background

The research described in this report is an investigation of the
interrelationships between working memory and cognitive structure;
that is, on the organization of and relationships between concepts in
declarative memory (Shavelson, 1972; West & Pines, 1985). These
studies were designed from the perspective of the Four-Source
Research Framework (Kyllonen & Christal, 1988) which has been
used to structure the Learning Abilities Measurement Program
(LAMP) conducted at AFHRL to measure and model basic cognitive
abilities.

Two components of this framework, declarative knowledge and
processing capacity, were investigated in the present research to
assess their effects on the acquisition of conceptual information.
Research associated with LAMP has focused more on the second of
these components than the first, and has shown that processing
capacity or working memory capacity is substantially related to
performance on cognitive tasks in a variety of areas, including those
related to the development of technical expertise (Kyllonen &
Christal, 1988).

The concept of working memory has evolved partially due to
the inability of traditional conceptions of short term memory (STM)
to predict performance in learning situations with high ecological
validity. For example, except for very low ability learners, the digit
span has rarely been found to predict individual differences in
intellectual ability (Dempster, 1985). Daneman (1982) has suggested

that the lack of predictability of the digit span is due, in part, to the
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inadequacy of the theory underlying the STM measure, and thus has
advocated additional research with the working memory construct.

Working memory has been described as an information
processing system that includes typical STM storage functions, and
executive or control systems for information organization,
reorganization, or synthesis (Baddeley, 1976; Baddeley & Hitch, 1974,
Hitch & Baddeley, 1976). The total capacity of working memory (i.e.
the amount of attention that can be allocated for use by both storage
and processing systems combined) is hypothesized to be quite
limited, and Baddeley has proposed that the two systems share this
limited capacity in ways that are dependent on current task
demands. That is, when the retention of large amounts .of
information is necessary, a portion of the processing attentional
capacity can be allocated to increase storage capacity. Baddeley has
measured working memory capacity with a dual task method that
requires concurrent storage and processing of information, an
approach which has been expanded and refined for the working
memory tasks designed for the LAMP research at AFHRL.

The storage component of working memory has been
hypothesized to comprise subordinate systems, including a verbal
short term store called the articulatory loop, an output buffer, and a
visuo-spatial scratchpad (Baddeley & Hitch, 1974). In addition, the
processing component has been hypothesized to be related to a
variety of information processing mechanisms including rehearsal,
chunking, consolidation, long term memory search processes
(Baddeley, 1976; Britton & Tesser, 1982; Hitch, 1980), problem

solving (Jo—hnson-Laird, 1983), and the integration of newly encoded
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information with prior knowledge (Anderson, 1983). Anderson’s
description of working memory is somewhat different than
Baddeley's and is based on the notion that activated declarative
knowledge, both that stored in long term memory and that which has
been recently encoded, constitutes the contents of working memory.

Research based on both the Baddeley and Anderson positions
have shown individual differences in working memory to be
associated with performance on a variety of cognitive tasks. Woltz
(1988) and Carlson, Sullivan & Schneider (1989) have shown that
working memory attentional capacity is related to the initial, i.e.
declarative stages of learning. Working memory has also been found
to show substantial relationships with reading processes and reading
achievement (Baddeley, Logie, Nimmo-Smith & Brereton, 1985;
Cochran & Davis, 1987; Hitch & Bz;ddeley, 1976; Mason & Miller
1983: Tirre & Rancourt, 1986). Moreover, evidence also suggests
that these effects are domain independent (Turner & Engle, 1939).
b. Working Memory and Reading Processes

One aspect of working memory which has been frequently
addressed is concerned with the amount of processing capacity used
during the reading of text. Inhoff & Fleming (1989) and Britton and
his colleagues (Britton, 19é0; Britton, Graesser, Glynn, Hamilton, &
Penland, 1983; Britton & Tesser, 1982) have used probe detection
methods similar to Baddeley's dual task approach. These methods
present readers with short passages of varying difficulty and
complexity in self-paced formats, usually with the words
individually presented on a computer screen. Response times and

accuracy data are collected for both visual and auditory probes to
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assess the amount of memory capacity remaining beyond that
needed for text processing.

These studies, however, have revealed inconsistent findings.
Britton's early work showed that easy text requires more cognitive
capacity to process than difficult text, and his later studies showed
that syntactic and propositional complexity, presumably a component
of difficult text, requires greater cognitive c_apacity. Inhoff and
Fleming identified the inconsistencies in these results and attempted
to replicate Britton's earlier work. Their evidence was more
consistent with Britton's later findings, and provided support for the
position that difficult text does indeed tax working memory capacity
to a greater extent than easy text.  Inhoff and Fleming conclude that
this difference is at least partly a function of the increased amount of
propositional information activated from long term memory during
the reading of difficult text. This argument must be regarded as
tentative, however, since none of these studies included a working
memory task separate from the probe measure. In addition, this
research has not adequately isolated the effects of prior knowledge
and text difficulty. Fincher-Kiefer, Post, Greene & Voss (1988) have
shown that low levels of prior knowledge produce greater processing
demands than high levels, but only for thosé task situations that
demand the aquisition of conceptual relationships.

A reading task was chosen to be the vehicle for information
aquisition for the present research for two reasons. First, much of
the working memory literature focuses on reading and so provides
theoretical grounding as discussed above. Second, use of technical

expository text would allow generalization of these results to training
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settings in technical fields such as electronics, and would provide
information useful for the development of technical manuals and
training materials.

c. Cognitive Structure

The major focus of the current project is the measurement of
cognitive structure, the organization of conceptual information stored
as declarative knowledge in long term memory. This construct has
not been investigated for its relationships with working memory.
Although substantial research is available which shows the
facilitative effects of knowledge organization on intellectual
performance in a wide variety of domains (Eylon & Reif, 1984; West
& Pines, 1985), it is unclear to what extent individual differences in
working memory capacity and prior knowledge mediate or moderate
these effects. If such effects could be demonstrated, performance on
cognitive tasks and the prediction of performance on those tasks
would be further enhanced.

The assessment of cognitive structure has occurred in a variety
of ways, including methods ranging from interviews (West & Pines,
1985) and free-recall protocols (Eylon & Reif, 1984) to association
strength ratings requiring multidimensional scaling analyses or
cluster analyses (see e.g. Smith, 1986). Novak & Gowin (1984)
describe a paper and pencil procedure for measuring cognitive
structure called concept mapping which is essentially a technique for
representing propositional relationships among concepts in a specific
content area. This procedure was chosen for the present research in
that it allows both quantitative and qualitative assessment of a

learner's knowledge, and because it does not require the assumptions
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of associative symmetry necessary for procedures such as
multidimensional scaling analysis (Nagy, 1986). Concept mapping
has been shown to be related to achievement (Cochran, 1989), and it
has an advantage in that it incorporates a general-to-specific
hierarchical conceptual organization, which has been shown to be
related to recall and problem solving performance (Eylon & Reif,
1984). This task thus serves to measure both the amount as well as
the organization of conceptual knowledge.
d. Research Hypotheses
This research was designed to address the following questions:

1. How is working memory (verbal and nonverbal) related to the
amount and organization of prior knowledge?

2. How is the use of working memory and prior knowledge related
to text difficulty?

3. How do working memory and prior knowledge interact to
influence the development of cognitive structure from text?

4. How are working memory, prior knowledge and text difficulty
related to changes in cognitive structure as a result of instruction

from text?

II. METHODS
a. Subjects and Procedure

The pilot study which has been completed is based on data
collected from 126 USAF recruits tested during their 11th day of
basic training at Lackland AFB, Texas, 80% of them male. The test
battery was programmed in Turbo Pascal (Version 5.5) and designed

for presentation during a three and one-half hour session on IBM AT
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compatible computers. The battery was presented in two parts,
separated by a 5 minute break. The first section of the battery was
composed of a series of knowledge measures, including a multiple
choice pretest and a cognitive structure pretest (both designed to
measure the amount and organization of prior knowledge), a text
passage, and a cognitive structure posttest. The second half of the
battery contained 5 measures of working memory selected from
those developed from the AFHRL Learning Abilities Measurement
Project.
b. Materials and Tasks

The knowledge measures in the first half of the battery were
based on the content area of electricity, chosen to be representative
of learning and cognitive skills in technical fields. One measure of
prior knowledge was a 25 item, multiple choice pretest, partially
based on the electricity subtest of a study manual for the Armed
Services Vocational Aptitude Battery (Department of Defense, 1984).

The other measure of prior knowledge was a version of Novak
and Gowin's (1984) concept mapping procedure. The adaptation of
this method for the computer used in the present study required
subjects to first locate six given concepts in boxes on the screen
according to the level of generality of the concepts. The given
concepts were battery, circuit, current, electrical potential difference,
electrons, and resistance. Subjects were then asked to choose those
concept pairs they wished to identify the interrelationships for, and
then to select an appropriate relationship from a menu of
alternatives designed to assess typical misconceptions (see e.g. Cohen,

Eylon, & Ganiel, 1983; Fredette & Clement, 1981). The dependent
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variables measured were latencies for all decisions, the number of
interrelationships identified, the accuracy of those interrelationships,
and the order in which the relationships were specified. The same
concept mapping task was used for the posttest measure of cognitive
structure.

Two text passages, easy and difficult, were developed from Air
Force training materials and were both 756 words in length. They
differed in that in the easy text, fewer concepts were presented and
the interrelationships among them were made as explicit as possible
and repeated throughout the passage. The two texts were checked
for similarities in surface structure, e.g. sentence length, types of
sentences, and readability, and were found to be comparable. In
each text, 92 word probe locations were identified, 34 of them
exactly the same in both passages. The texts were presented on the
computer using a self-paced rapid serial visual presentation. Two
forms of probes were compared. One form, a flash above the
presented word (5 x 7 pixels in size), was identical to that used in
previous research (Britton & Tesser, 1982; Inhoff & Fleming, 1989).
The other probe type was a word color change from white to yellow,
and was included to determine the extent to which the flash probe
interfered with content comprehension. The subject'é task was to
initiate the appearance of each word by pressing the keyboard space
bar with the left hand and to respond to each probe by pressing the
return key with the right hand. The dependent variables were probe
response times and reading times for the target words and the two

words following the target words.
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Five measures of working memory were also included in the
present study,. three verbal and two non-verbal, all selected from the
tests used in conjunction with the Learning Abilities Measurement
Program at AFHRL (Kyllonen & Christal, 1988). The first verbal
working memory measure was an alphabet order recall task (ABCD
ORDER) in which the letters A and B were designated as Set 1 and the
letters C and D were designated as Set 2. The order of the sets and
the orders of the letters within each set were specified by a series of
instructions such as the following: -

Set 1 precedes Set 2

A does not follow B

C does not precede D.

The correct sequence is then selected from a list of all eight possible
alternatives. Response time and accuracy data were recorded.

The second verbal working memory task (ALPHA WM) was a
recoding task in which a sequence of up to three letters is presented,
followed by a number ranging from -2 to +2. The subject's task was
to determine those letters coming either before the presented letters
in the alphabet (if the number was negative) or after (if the number
was positive), and to choose the correct alternative from a list.

The third verbal working memory measure was a version of
Daneman and Carpenter's (1983) span measure (READING SPAN) and
combines a sentence verification task and a word recall task. The
two sentences were initially presented and the number of sentences
was increased to six across trials. The subject was asked to indicate
each sentence to be true or false while maintaining the last word of

each sentence in memory. The last word of each sentence was
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recalled after each set of sentences was presented. Sentence
verification and recall accuracy and response times were recorded.

The two spatial working memory tasks were presented last in
the battery and consisted of the Kyllonen/Palmer Working Memory
Test and the Tirre Visual Imagery Test. These measures were
included in the battery partially to assess the relationships between
the spatial énd ‘verbal components of working memory, and partially
to assess the impact of spatial processing on concept mapping
performance. '

In the Kyllonen/Palmer Test, a two dimensional grid with three
rows and three columns of dots is presented. A simple line drawing
is added to the grid, and the subject's task is to retain an accurate
representation of the grid and line drawing through a
multidimensional rotation, flip, or both. A test stimulus is then
presented, and a true/false response is required. For the Tirre
Visual Imagery Test, the subject is shown a 2 x 2 matrix with
random presentation of the numbers one through four in the four
quadrants. Each number is then shown paired with four
ambiguously shaped figures. A test matrix with the shapes is then
presented and a true/false response is required. Accuracy and

latency data were collected for both visual working memory tasks.
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III. DATA ANALYSES

Due to unforeseen software incompatibility problems, the data
analyses for this research are incomplete. The process of
transferring floppy disk information to the mainframe computer at
the University of Northern Colorado was more complex and time
consuming than expected. Planned data analyses include multiple
linear regression to determine those factors that affect conceptual
understanding as measured by the concept map posttest, and the
interaction of those factors with instructional text difficulty.
Analysis of variance will also be employed to investigate group
differences and the effects of probe type on working memory
cabacity utilization during reading. Factor analysis may be used to
allow description of the interrelationships among verbal and
nonverbal measures of working memory. In addition, detailed
qualitative analyses of the nature of the conceptual relationships
produced on the concept maps will also be performed. These will
include verification of typical misconceptions of electricity found in
the literature (e.g. Cohen et al., 1983), as well as characterization of
the changes in those conceptual relationships between pretest and
posttest maps (especially as a function of the intervening text
difficulty level). These analyses will form the basis for revisions and

additions to the battery for future data collection.
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I. INTRODUCTION:

My research interests have been in the area of individual differences in
the perception of color and temporal sensitivity. Specifically, my studies
on the relationship of iris pigmentation and textureless chromatic dis-
plays (Mandra and Anderson,1984) and critical flicker fusion (Mandra and
Jordan, 1979) contributed to my assignment to the Human Resources Labora-
tory/OID.

The Primary purpose of this study is to investigate color appearance
within low light levels (mesopic range), and secondly, to determine the
extent to which individual differences can account for the large amount of
variability typically found when humans make judgements of hue, saturation
and luminosity. The Human Resources Laboratory/OT has been interested in
the judgement of color appearance in flight simulator displays. The
presentation of computer similated displays in the dome occurs at low
light levelsvﬁhich falls into the range of mesopic luminance; a range
which involves a unique interaction of rod and cone functioning. The
database which would allow for more accurate predictions of color appear-
ance within the mesopic range is incomplete. The present study provides
information on the appearance of color brightness at mesopic levels of
luminance. A second issue is concerned with the large variability in
human judgements of color appearance. Sources of inconsistent judgment may
be due to age, gender and iris pigmentation. Past research demonstrates
that individual differences play a role in color appearance, however such
variables have not been simultaneously tested in the mesopic range of |

luminance.
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II. OBJECTIVES OF THE RESEARCH EFFORT:

The objectives of the research are to provide a database which describes
how bright colors appear as a function of hue, saturation levels and
individual differences when viewed under three luminance levels: a low
photopic level (near 10 nits) and two mesopic levels (near 1 and 0.1
nits). The experiment employed the method of heterochromatic brightness
matching (HCBM) to investigate apparent brightness of colors and is dis-
tinguished from brightness equivalence determined by other methods such as
flicker photometry or minimally distinct border. Operationally, HCBM for a
test color in this experiment is defined as the measured luminance of an
adjacent achromatic gray which has been adjusted to match it. If HCEM is
represented as B and if L represents the measured luminance of the chro-
matic patch, then the ratio B/L describes the relation between the HCEM of
color and its measured luminance. If measured luminance were a perfect
indicator of HCBM, the B/L ratio would be one. It was ekpected that the
B/L ratio would be greater for reds than for blues at a luminance level of
ten nits, reflecting the greater contribution of cone elements at that
level and their greater sensitivity to red than to blue light. It was
also expected that the B/L ratios would change at the lower luminance
levels, reflectihg the relatively greater contributions of rod elements at
1 and 0.1 nits. Since rods are more sensitive to blue than to red, the B/L
ratio is expected to be higher for blues than for reds at 0.1 nits. For
the saturation series SA, SB, and SC it was expected that the B/L ratio
would be higher for colors with higher chroma values than for less satu-

rated colors. Individual differences such as age has already been related
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to differences in color perception due to a yellowing of the lens
(Weale, 1963). It was expected that B/L ratios would demonstrate a complex
interaction between hue and luminosity levels. Finally, iris pigmentation
has been related to hue and afterimages (Wallace, 1979), short-wave sensi-
tivity was found to be related to variation in density of macular pigmen-
tation (Stabell and Stabell, 1980) which is correlated to iris pigmenta-
tion and lastly, Sommers and Fry (1974) suggest that brightness matching
in the blue region is related to the effect of macular pigment. It was
expected that density of iris pigmentation would be related to hue and
luminosity levels in a complex interaction. There are no studies that
systematically manipulate all these factors within the same experimental
design. Thus it is important to conduct this type of study‘so that each of

the variables and their interactions can be evaluated.

My assignment as a participant in the 1988 Summer Faculty Research Program
(SFRP) was to design and execute a study which would evaluate the apparent
brightness of color for a range of hues, saturation levels, luminances
levels using subjects who differ in gender, age, and iris pigmentation. In
addition, my assignment was to provide an analysis of the data to deter-
mine if the previously described variables affect judgments of apparent
brightness, trials to make & match and the confidence one had that the

match was correct.
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III. Method:

a. Subjects.

Ten observers, five light-pigmented and five dark-pigmented irises, were
selected from a pool of available personnel at Williams Air Force base in
Arizona. Of the five light-eyes subjects , three were in the 20 to 30
year range (two males and one female) and two were in the 40 to 50 year
range (one female and one male). Of the five dark-eyed subjects, three
were in the 20 to 30 year range (one male and two females) while there
were two dark-eyed subjects in the 40 to 50 year range (one male and one
female). Thus, there were an even number of dark- and light-eyed subjects,
an even number of males and females, but there were six subjects in the 20
to 30 year group while only four in the 40 to 50 year group. All subjects
were judged to be color normal, as determined through a test for color
defectives by using the Optical Society of America pseudoisochromatic
plates. Finally, subjects who used glasses wore them during all sessions.

b. Apparatus and Calibration.

The stimuli were presented with a SG Iris Graphics System Hitachi monitor
(oM20734). A software program controlled all display characteristics,
sequence of presentation and data storage. A mouse and mouse pad was used
to produce all responses. |
Calibrations were made on the monitor with a Photo Research Pr-703A Fast
Spectral Scamner. Both luminance and chromaticity were measured in the
chromatic and grey display fields twice daily, in the morning prior to
data collection or training and at noon to insure that there were no
changes. All observations were taken in a darkened room using either no

neutral density filter (NDF) or one (NDF of density approximately 1.0) or
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two NDF's to produce the luminance conditions. Luminances for the colors
and for the gray series were always measured without the NDFs. Values of
luminance for thé two dimmer levels were derived computationally from the
filter transmissions and the spectral energy distributions of the test
fields. A mask was placed around the border of the monitor to limit stray
light and in addition, a mask was placed 45 am in front of the monitor
which had a 9 x 9 am opening to hold the filter. A chin rest was also
used.

c. Stimuli for Training and Testing.

All stimuli were presented in a bipartite field (15 degree visual angle)
which was framed by thin black lines. The luminosity of the standard
stimuli was set at 10 cd/m2. and were presented against a common bright
white background having a luminosity of 50 cd/m2. The variable stimuli
always consisted of a gray stimulus whose luminosity was randomly selected
to be either lighter or darker than the standard. The luminosity measure-
ments of the various grays was determined by measuring a wide range of
grays (in graded steps) in the morning and rechecking those values in the
afternoon. Since all possible grays could not be measured, interpolation
procedures were used to determine the luminosity values of the brightness
matches whose grays were not actually measured. Training stimuli con-

‘ sisted of five sets of five pairs. Each of the five pairs was repeated six
times in a predetermined random order resulting in a total of 30 trials
pér set. The first set consisted of five different gray standards paired
with the variable grays. The second and third sets consisted of five

heterochromatic pairs each; the five standards for these two sets con-

sisted of low saturated (Munsell 5/2) chromatic stimuli paired with a




variable gray. Each of the fourth and fifth sets included five heterochro-
matic pairs which were more saturated (Munsell 5/4) than the previous
sets. The u' and v' coordinates for the test colors are displayed in
table 1. The test stimuli consisted of five sets of five standards. They
are conveniently presented below:
Munsell Notation For Test Colors
HE HF SA SB sC

5R 5/6 5YR 5/6 5GY 5/8 10BG 5/6 10GY 5/10

5Y 5/6 5GY 5/6 5GY 5/4 10BG 5/4 10GY 5/6

5G 5/6 5BG 5/6 5P 5/4 1OR 5/4 10P 5/6

5B 5/6 spp 5/6 5P 5/8 1O0R 5/6 10p 5/10

5P 5/6 srp 5/6 5P 5/12 1O0R 5/10 10p 5/16
The HE and HF series comprise hue circles, all at chroma (saturation
jevel) six . The SA, SB, and SC series were saturation series, each
arrayed along a complementary hue line (green-yellow €O purple or blue-
green to red) but differing in chroma.
d. Procedure.
The training and test phases were very similar with the following excep-
tions: training sessions did not use any filters, feedback was provided by
way of a digital code which indicated the relative position of the last
judgment. Subjects had been instructed to make judgments as consistent and
accurate as possible. Training began with the gray set, then proceeded
with low saturated sets and ended with the more saturated sets. The amount
of training on each series was Very similar for all subjects; training
stopped on each set when the subjects standard deviations for their
matches was approximately 1.0 or no further decrease was evident. all
sessions began with a three minute dark adaptation period. During the

experimental sessions, an additional three minutes was given when the two
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filter condition (NDF = .l) was used. During the color training and
experimental procedures, the observers looked at a bipartite square with a
color on the left side and a neutral gray on the right side. Both appeared
against a brighter white background with a narrow dark boundary separat-
ing the three display areas from each other. Using a mouse and mouse pad,
the subjects were instructed to adjust the brightness of the gray area
until it appeared to be just as bright as the colored area. To avoid
afterimages, the test fields appeared for only two seconds out of every
ten seconds; during the eight second blank interval, the white background
filled the test fields, although the dark boundaries remained visible and
served as a fixation point. During the eight second interval the observers
made their match and then were presented a confidence line which had
markings from one-to-ten. The extreme values were labeled as Not Confident
(one) and Very Confident (ten). The observer could indicate her choice by
moving a cursor along the line which was controlled by a mouse. The
observers were allowed to look at a pair of test fields as many times as
they wished before signaling that they had achieved a satisfactory match.
Each of the five colored stimuli were repeated six times before the ses-
sion was ended. The observers typically completed one session per day but
on occasion were able to complete two sessions. The second session would
repeat the same color set but used a different filter condition. The
computer recorded the number of times a test color was viewed, as well as
the digital code for the gray selected as a brightness match and the

confidence Jjudgements.
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IV. RESULTS:

The scores used for analysis include Brightness—to-Luminance ratios (B/L),
the number of trials to achieve a match (TL), and a confidence rating of
the certainty that the match is correct (CR). Each of the three dependent
measures were averaged over six matches made for each of 25 stimuli. To
facilitate analysis, three separate sets of stimuli were formed and each
set was analyzed separately. The first set included 10 of the 25 stimali
presented during two separate sessions. All hues in this set were equal in
luminosity, saturation and were evenly spaced around the Munsell color
wheel : 5R 5/6, SYR 5/6, 5Y 5/6, 5GY 5/6, 5G 5/6, 5BG 5/6, 5B 5/6, SPB 5(6,
5p 5/6, S5RP 5/6. The formation of the two remaining sets was based on simi-
larity of wavelength composition while varying saturation levels. Thus the
second set included 9 hues which were red and purple colors differing in
saturation: 1O0R 5/4, 10R 5/6, 1O0R 5/10, 5P 5/4, 5P 5/8, 5P 5/12, 10P 5/6,
10P 5/10, 10P 5/16. The last six hues formed the final set and included
middle wavelength stimuli differing in saturation: 5GY 5/4 5GY 5/8, 10GY
5/6, 10GY 5/10, 10BG 5/4, 10BG 5/6.

Set 1 Analyses.

B/L Ratios. The B/L data were submitted to a 2 (Iris Pigmentation) X 2
(aAge) X 3 (Filter) X 10 (Hue) analysis of variance with repeated measures
on the latter two variables. The results yielded a significant interaction
between the Hue X Filter condition, F(18,108) = 2.896, p < .001 and a sig-
nificant four way interaction: Iris Pigmentation X Age X Filter X Hue ,

F(18,108) = 1.784, p < .05. No other effects were significant (p's > .05).
The means, standard deviations, and coefficient of variability for the Hue

X Filter interaction are found in Table 1 for all three sets of stimuli. In
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addition the Munsell notation and corresponding 1976 CIE u' v' coordinates
are listed along with the Munsell notation. In order to facilitate com-
parisons between color set A and color stimuli of the other two sets all
25 hues have been plotted as a function of filter condition in figure 1.
Furthermore, it is possible to make comparisons between the different sets
by observing the connecting line drawn between the 14 data points having
the same saturation level (six) as noted in the legend. A comparison of the
means for the five principle hues (5R,5Y,5G,5B,and 5P) used in the current’
analysis (set A) demonstrate little change in mean B/L Ratios for the no-
filter and one-filter conditions but an increase for the two-filter condi-
tion. In contrast, the five intermediate hues (5BG,5GY,5YR,5RP,and 5PB)
showed a steady increase in the mean B/L Ratios as the display became dim-
mer. Thus observers required more white light to make a brightness match
for the intermediate hues relative to the principle hues for both filter
conditions. Tt is interesting to note that only the hue 3R does not show
any appreciable change in B/L ratio (approximately 1.0) for the three fil-
ter conditions. Also, only the 5Y hue required less white light to make a
brightness match for all three filter conditions (the B/L ratios were less
than one). Lastly, there seems to be a transition point at or around the
5GY hue for all saturation levels (Munsell 6,8,and 10). These findings are
further complicated by the significant four way interaction between Eye-
Color, Age, Filter Condition, and Hue as noted above. The overall pattern
of results suggest that for observers with a more heavily pigmented iris
(dark-eyed) who were also in the older age group (40-50 yrs.), the mean B/L
ratios were lower than their younger dark-eyed counterpart for all hues

across all three filter conditions. The mean B/L ratios taken across all
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hues for the dark—eyed observers within the Age X Filter conditions are:
NDF=0, 20yrs vs 40yrs, mean B/L ratios were .944 and .760 respectively;
NDF=1, 20yrs vs 40yrs, mean B/L ratios were 1.177 and .722 respectively;
and finally for NDF=2, 20 yrs vs 40yrs the mean B/L ratios were 1.079 and
.911 respectively. This pattern was not evident in the same Light-eyed
groupings. The B/L ratios were more equivocal for the no-filter and one-
filter condition (e.g., approximately 1.0) but for the two-filter condi-
tion, all the observers in the light-eyed, 40+ group had slightly higher
mean B/L ratios for all hues. The mean B/L ratios for the *wo age groups
were: .98l and 1.091, 20yrs. and 40yrs respectively. In general, the light-
eyed subjects had slightly higher mean B/L ratios than their dark-eye coun-
terparts for all filter conditions (e.g., for the NDF=0, NDF=l, and NDF=2
conditions, the mean B/L ratios are 1.0l vs .852, and 1.024 vs .950, and
1.036 vs .995 respectively). Thus the dark-eyed observers required less
white light to match the ten hues in Set A for all filter conditions. It is
of interest to make comparisons of the variability associated with the B/L
ratio judgments for the two significant interactions. Both the standqrd
deviation (measure of absolute dispersion) and coefficient of variability
(measure of relative dispersion) were calculated for the Filter X Hue con-
ditions. Both indices of variability show a decrease in range as the stim-
uli became dimmer. The range of SD's and CV's for the NDF=(0, NDF=l, and
NDF=2 were .3l and .25, .16 and .18, .11 and .13 respectively. The SD's are
less than one-third of those reported by Booker (1981) but the CV's are
somewhat similar to those reported by Booker (CV grand mean = .32) for the
NDF=0 and NDF=l conditions (both neéns = .27) vs the NDF=2 condition (mean

= ,15). The SD'g associated with the mean B/L ratios for the four way

139-12




+

interaction (table 2) show a pattern which is related to the eye-color X
age conditions. To begin with, almost every SD associated with the dark-
eyed observers is higher than the SD's associated with the light-eyed
observers. There are only four exceptions which are due entirely to the 40+
1ight-eyed observers in different hue conditions; of these exceptions, two
are negligible. When comparing the SD's of the Dark- and Light-eyed observ-
ers within the age X filter condition for all hues, the following pattern
emerges: for the 20+ and 40+ year dark—eyed‘observers, there is an increase
in the SD's for all hues in the NDF=l condition relative to the other fil-
ter conditions which are approximately equal. The drop in the SD's in
NDF=2 condition is much greater for the 40+ year group. This pattern 1is
much less eviaent‘in the light-eyed 20+ year group while the 40+ year group
shows higher SD's for the NDF=0 condition relative to both other £filter
conditions.

Trials and Confidence Ratings. The mean number of trials required to match

the chromatic and achromatic stimuli was analyzed using a design identical
to the B/L ratio data. The results demonstrated significant effects fof
Hue, F(9,54) = 2.18, p<.05; Hue X Eye-Color, F(9,54) = 2.857, P<.01l; Hue X
Age, F(9,54) = 2.345, p<.05; Hue X Eye-Color X Age, F(9,54) = 3.354,
p<.001; Hue X Filter, F(18,108) = 2.661, p<.00l; and finally Hue X Filter X
Age, F(18,108) = 2.127, p<.0l. When both measures are contrasted with each
other, it appears that B/L ratio matches requiring a greater mumber of
trials were also Jjudged as less confident by observers. In other words,
although more difficult matches required more repetitions observers were
still less confident about their choices. It is important to point out that

these confidence judgments were not reliably different. The finding of an
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Eye-Color X Age interaction, F(1,6) = 6.056, p<.05 for confidence Judgments
was due entirely to the light-eyed, 40+ years observers who were less con-
fident (mean = 3.30) than the light-eyed, 20+ (mean = 6.05) or either of
the dark-eyed age groups (means 5.61 and 5.91).

Analyses of Sets 2 and 3.

B/L Ratios. The B/L ratios for Set 2 were submitted to a 2(Eye-Color) X

2(AGE) X 3(Filter) X 9(Hue) analysis of variance whereas Set 3 involved a
2(Eye-Color) X 2(Age) X 3(Filter) X 6(Hue) ANOVA. Set 2 includes six
purple hues varing chroma and saturation level as well as three red hues
varing in saturation level. Set 3 includes four GY hues varing in satura-
tion and two BG hues varing in saturation. The only significant effects
ﬁound for Set 2 were the Hue X Filter interaction, F(16,96), = 2.564,
p<.0l. Similarly, the Hue X Filter interaction was significané for Set 3,
F(10,60) = 2.596, p<.05 (Figure 4). Two general patterns emerge from a com-
parison of the NDF=0 and NDF=l filter conditions. The first is that more
saturated the hue is, the greater the B/L ratio with the exception of 5P
and 5GY. The second general finding is that for all filter conditions, the
effects of satuaration decrease as the stimulus display becomes dimmer. In
the dimmest condition, NDF=2, the effects of saturation reversed for the
10R hue condition. These data are in partial agreement with Booker (1981)
and Sanders and Wyszecki (1963) who found that, the B/L ratios increase as
saturation increases. Both studies note some excéptions to the general rule
in both the higly saturated blue region and the yellow region. In the
present study, the B/L ratios for the 10R hues( /4, /6, and /10) decreased
as saturation increased for the NDF=2 condition. The latter effect is in

agreement with a model devised by Kokoschka (1972 cited in Wyszecki &
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Stiles,1982) which predicts that under mesopic luminous conditions, red
cones are increasingly inhibited.

Trials and Confidence Ratings. The ANOVAS performed on both Trials and Con-

fidence Ratings were identical and included Eye-Color, Age, Filter and Hue
variables as described above. The pattern of results was very similar for
the trials data of Sets 2 and 3: significant effects were found for Hue,
Hue X Filter, and Hue X Filter X Age. For Set 2, the effects were F(8,48)
=4.414, p<.001; F(8,48) = 1.791, p<.05; and F(16,96) = 2.136, p<.0l respec-

tively. In addition, a Hue X Age interaction was found for Set 2, F(8,48)

2.441, p<.05. For Set 3, the effects were F(5,30) = 4.05, p<.01l; F(10,60)

I

4.292, p<.001; and F(10,60) = 2.213, p<.05 respectively. The Hue X Filter
interaction affords an opportunity which would allow a camparison with the
B/L ratio analysis and will be discussed. For both Sets, the number of
trials required to make a match for all hues in the NDF=0 filter condition
were more than for the NDF=2 filter condition. The NDF=1 filter condition
was tended to be intermediate to the other two conditions. Thus, as the
stimilus display became dimmer, fewer trials were required to make matches.
Analysis of the confidence ratings for Set 2 revealed a significant inter-
action for the Eye-Color X Age condition, F(l,6) = 8.315, p<.05. The effect
is primarily due to the Light-eyed, 40+ observers rating their confidence
lower (mean = 3.12) than either the other Light-eyed, 20+ group or the two
Dark-eyed groups (means = 5.89,5.74 and 6.16 respectively). The ANOVA for
Set 3 vyielded significant effects for Eye-Color, F(1,6) = 7.518, p<.05 ;
for Age, F(1,6) = 6.532, p<.05; and for the Eye-color X Age interaction,
F(1,6) = 12.035, p<.05. As before, the Light-eyed observers had a lower

confidence rating that the other groups (mean = 3.3 Vs 6.45,6.43 and 5.81).
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V. RECOMMENDATIONS:

The present study provides important data concerning the appearance of
color within mesopic luminance levels as well as the importance of indivi-
dual differences in making heterochromatic brightness matches. If the data
of the present study can be generalized, then the B/L ratios presented in
table 1 may be used to adjust the color display in the dome for some aver-
age trainee. However, because of the finding that Eye-Color and Age inter-
act with Hue and Luminance conditions, a more appropriate adjustment of the
color in dome displays would involve data from table 2. Since, it is not
likely that a trainee would be in the 40+ year range, only the 20+ year
range should be given serious consideration. According to the data of the
present study, the density of iris pigmentation (Eye-color), which is cor-
related with macular pigmentation, contributes to the brightness of some
colors. Thus, the B/L ratios could be used to alter the luminosity of a
chromatic stimilus depending upon the eye-color of the trainee. Additional
nues need to be studied along with a range of background colors since real
or similated displays involve multiple colors in a single display. How

color interactions affect brightness of hues needs further investigation.
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Table 1. Mean Brightness-to-Luminance (B/L) Ratios, Standard
Deviations and Coefficient of vVariation for
Hue and Filter Conditions.

Filter = 0 Filter = 1 Filter = 2

Color System ~
Sb CV Mean SD CV

Munsell 1976 CIE Mean SD CV  Mean

Notation u' v'

5R 5/6 .2687 .4801 0.97 0.22 .23 1.01 0.31 .30 0.98 0.16 .16
5Y 5/6 .2306 .5349 0.91 0.24 .26 0.91 0.31 .34 0.97 0.19 .20
5G 5/6 .1517 .4897 1.01 0.25 .25 1.0l 0.32 .32 1.06 0.16 .15
5B 5/6 .1528 .4193 1.01 0.27 .27 1.00 0.38 .38 1.06 0.10 .10
5P 5/6 .2173 .4147 1.01 0.32 .32 1.02 0.38 .37 1.03 0.18 .17
S5YR 5/6 .2644 .5126 0.87 0.18 .20 1.00 0.24 .24 0.96 0.19 .19
sGYy 5/6 .1877 .5321 0.89 0.19 .22 0.98 0.24 .24 0.94 0.13 14
5BG 5/6 .1463 .4561 0.94 0.21 .22 1.09 0.22 .20 1.07 0.13 .12
5PB 5/6 .1796 .4045 0.90 0.24 .27 1.07 0.22 .21 1.09 0.13 .12
5RP 5/6 .2519 .4493 0.91 0.20 .22 1.02 0.30 .29 1.03 0.17 .16
5GY 5/8 .1828 .5490 0.94 0.24 .26 1.00 0.27 .27 0.94 0.10 .10
5GY 5/4 .1929 .5107 0.90 0.17 .19 0.98 0.23 .24 0.95 0.10 .11
5p 5/4 .2117 .4306 0.94 0.20 .21 1.02 0.32 .31 1.03 0.14 .14
5P 5/8 2229 .3991 0.95 0.24 .25 1.02 0.32 .31 1.07 0.13 .12
5p 5/12 .2333 .3698 0.94 0.23 .25 1.07 0.33 .31 1.10 0.16 .15
10BG 5/6 .1466 .4359 0.92 0.27 .29 1.07 0.26 .24 1.05 0.13 .12
10BG 5/4 .1635 .4452 0.90 0.22 .25 1.05 0.23 .22 1.04 0.11 .10
10R 5/4 .2462 .4853 0.91 0.22 .25 1.05 0.29 .27 0.95 0.13 .13
10R 5/6 .2713 .4968 0.92 0.23 .25 1.04 0.30 .29 0.91 C.l14 .16
10R 5/10 .3229 .5158 0.95 0.28 .29 1.11 0.38 .34 0.89 0.21 .23
10GY 5/10.1396 .5431 1.08 0.42 .39 1.09 0.24 .22 1.04 0.18 .18
10GY 5/6 .1649 .5134 1.00 0.32 .32 1.06 0.22 .21 1.03 0.17 .17
10P 5/6 .2355 .4298 0.99 0.33 .33 1.05 0.22 .21 1.04 0.15 .15
10P 5/10 .2578 .4083 1.02 0.38 .37 1.09 0.22 .20 1.05 0.14 .14
10P 5/16 .2900 .3764 1.10 0.48 .44 1.13 0.28 .24 1.06 0.20 .19

Note: Each data point represents an average of 6 matches across 10
subjects. Spatial separation of the five color series shows the
stimuli that were matched within a session.
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Table 2. Mean Brightness-to-Luminance Ratios, Standard Deviations
for the Eye X Age X Filter X Hue Interaction

Filter NDF=0 NDF=1 NDF=2
Eye Color Dark Light Dark Light Dark Light
Age 20+ 40+ 20+ 40+ 20+ 40+ 20+ 40+ 20+ 40+ 20+ 40+
Munsell

Hue

5R 5/6 M 0.95 0.75 1.09 1.03 1.14 0.66 1.02 1.13 1.05 0.88 0.94 1.05
sD .25 .35 .03 .21 .33 .52 .08 .13 .26 .09 .11 .07

5YR5/6 M 0.84 0.83 0.96 0.84 1.12 0.82 1.06 0.92 0.97 0.82 0.94 1.11
SD .20 .32 .13 .17 .36 .22 .16 .07 .28 .09 .08 .22

5y 5/6 M 0.87 0.65 1.04 1.01 1.05 0.57 0.95 0.98 1.03 0.85 0.89 1.14
' SD .27 .31 .05 .22 .30 .56 .09 .17 .29 .02 .10 .17

5GY5/6 M 0.88 0.76 0.96 0.93 1.12 0.78 1.04 0.91 1.03 0.89 0.89 0.94
sD - .18 .41 .15 .04 .34 .24 .18 .07 .23 .07 .04 .001

56 5/6 M 0.98 0.79 1.09 1.17 1.22 0.69 1.0l 1.02 1.13 0.95 1.01 1.13
SD .27 .45 .03 .20 .38 .55 .10 .01 .28 .08 .04 .10

58G5/6 M 0.95 0.85 0.95 0.99 1.22 0.89 1.08 1.08 1.12 0.97 1.03 1.13
SD .28 .39 .13 .15 .30 .30 .11 .03 .17 .16 .08 .12

58 5/6 M 1.03 0.74 1.05 1.18 1.26 0.59 1.00 1.02 1.10 0.98 1.03 1.11
SD .33 .45 .08 .19 .42 .61 .13 .04 .16 .05 .05 .06

5PBS5/6 M 0.97 0.77 0.93 0.87 1.20 0.87 1.08 1.04 1.14 0.96 1.07 1.13
SD .31 .34 .12 .37 .27 .33 .17 .05 .21 .15 .05 .05

50 5/6 M 1.04 0.66 1.07 1.22 1.27 0.62 1.05 1.0l 1.15 0.86 1.02 1.06
SD .36 .49 .04 .28 .41 .63 .10 .05 .25 .21 .07 .08

5RP 5/6 M 0.93 0.81 0.96 0.91 1.17 0.74 1.10 0.96 1.07 0.95 1.01 l.li
SD .23 .42 .09 .16 .38 .45 .16 .05 .25 .23 .06 .21

Note: Each data point represents an average of 6 matches across 10 subjects.
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FISHEYE REPRESENTATION OF INFORMATION: IMI ER INTERFACE

by
Deborah A. Mitta

ABSTRACT

A computer interface capable of presenting information in a usable format improves the
quality of human-computer interaction. A user often experiences difficulties in accessing
and interpreting information because his knowledge of both the underlying structure of the
information and the relationships between a currently observed information element and
other elements in the structure is limited. Another problem typically occurs during routine
human-computer interaction: the amount of information to be presented exceeds the amount
of space provided by the display medium. One technique recently developed as a means of
enhancing the quality of human-computer interaction is known as the fisheye lens viewing
strategy. This technique presents information concerning a point of interest (focus point) in
great detail; less relevant information is presented as more of an abstraction. In this
manner, the global aspects of the entire information data structure are not eliminated from

the user's view.

This report demonstrates how fisheye views are used as a mechanism for filtering details
associated with maintenance data. Results to be presented extend the original fisheye
concept. The first extension allows the fisheye technique to be applied to information
described by any general network, not only information represented by tree graphs. Ina
tree network, arcs connect nodes that are at most one level apart such that the link between
any two nodes defines a parent-child relationship. By allowing information to have a
general network structure, additional "family" relationships are available (e.g., sibling or
grandparent links). The second extension illustrates that fisheye views resulting from
multiple focus point selections are possible. In these views, detail associated with each

focus point is presented, and the global context associated with each point is maintained.
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I. INTRODUCTION:

The Air Force Human Resources Laboratory (Combat Logistics Branch of the Logistics
and Human Factors Division) is currently developing an integrated computer-based
information system to aid in tasks associated with aircraft maintenance. This system is
known as the Integrated Maintenance Information System (IMIS). The purpose of IMIS is
to provide a comprehensive information system, consolidating existing information
systems and data bases used in aircraft maintenance. IMIS will provide a maintenance
technician with a direct link to various maintenance information systems and data bases:
supply data, historical data bases, and automated technical orders. IMIS is t